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Abstract

Conventional primary explosives such as lead azide (Pb(Ns)2) and lead styphnate
(LS), while offering enviable characteristics, are hazardous to health due to their lead
content. Lead toxicity has been well studied and chronic lead poisoning has been
shown to affect long term users of these compounds. Therefore, research has
focused on the replacement of lead azide and lead styphnate with more
environmentally friendly options. As a promising lead-free initiatory compound,
copper (I)-nitrotetrazolate (DBX-1) has received much attention as the go to lead
azide replacement, However, difficulties in consistently producing pure DBX-1 have
prevented its full adoption in initiatory formulations

An investigation into the synthesis of DBX-1 has been conducted. It has been
discovered that the nitrotetrazolate transfer reagent, sodium-nitrotetrazolate, must be
purified as its tetrahydrate before DBX-1 can form. The formation of DBX-1 is heavily
dependent on the state of the reactor vessel used and seed crystals play a dominant
role in product selection. Cus(NT)2CI (DBX-X) was found to form prior to any DBX-1
formation and is the first well defined compound produced from the Cu(ll)/Cu(l)
reduction system. The crystal structure of DBX-X has been determined during this
investigation. DBX-X can be exclusively synthesised though the seeding effect of
DBX-X crystals but this is much less effective than intentional seeding to form DBX-1
making large scale synthesis challenging. DBX-X proves to be much more sensitive
to impact than DBX-1 however its lower thermal stability and liability to hydrolyse
prevent it from being a viable alternative to DBX-1 and lead azide.

Six novel Cu(l)-nitroazolates have been synthesised as competitors to DBX-1. The
synthesis of all six have been confirmed by elemental analysis and FTIR
spectroscopy while some have also been identified through the use of Cu content
analysis. Three of the compounds have also had their crystal structure determined:
Cua(3,5-dinitrotriazolate)sCIl (Cua(DNT)3Cl), copper (I)-4-amino-3,5-dinitropyrazolate
(Cu-ADNP) and copper (1)-3,5-dinitropyrazolate (Cu-3,5-DNP). Thermal behaviour
and detonation performance parameters have been determined. All compounds
prove to be highly thermally stable with some rivalling or surpassing the thermal
stability of DBX-1. The calculated detonation velocities and pressures show all
compounds to be of interest as primary explosives with most surpassing the
recorded values for detonation velocities and pressures of DBX-1 and Pb(Ns3)z.
Biscopper (I)-tetranitroimidazolate (Cuz-TNBI), Cu-ADNP and Cus(DNT)sCl have had
their sensitiveness towards impact tested and all prove to be highly sensitive
materials, far more sensitive than DBX-1 when recorded on the same instrument.
Cu2-TNBI and Cu-ADNP can be considered as viable alternatives to DBX-1 while
Cus(DNT)sCl will presumably suffer similar long term stability problems to DBX-X,
preventing a practical use. Cu-3,5-DNP, Cu-2,4-DNI (copper(l)-2,4-
dinitroimidazolate) and Cu-4,5-DNI (copper(l)-4,5-dinitroimidazolate) are untested
with regard to impact sensitiveness but the other recorded properties of these
compounds should warrant further investigation into their use as lead free initiatory
compounds. Copper(l)-3,4-dinitropyrazolate (Cu-3,4-DNP) does not form as a
crystalline precipitate but instead forms a suspected metallogel.



Triazenes have a short history of synthesis in the field of energetic materials and so
research into their potential as explosophoric ligands was conducted. Bis(1-methyl-
tetrazol-5-yl)triazene (B1LMTT) was used due to its absence from the literature as a
ligand. Sodium-bis(1-methyl-tetrazol-5-yl)triazene.5H20 was reacted with six metal
salts to form coordination compounds in all cases. Fe/Co/Ni(bis(1-methyl-tetrazol-5-
yhtriazenide)2 have all been crystallised as their acetone solvates. Pb/Zn(bis(1-
methyl-tetrazol-5-yl)triazenide)2 formation is proven by elemental analysis. All
compounds had their thermal behaviour and detonation parameters determined. All
compounds are proven to be highly thermally stable with some (Ni and Co
compounds) proving more thermally stable than DBX-1. Impact sensitiveness has
not been determined for the compounds. The reaction of CuClz with Na-bis(1-methyl-
tetrazol-5-yl)triazenide.5H20 results in the formation of the mixed ligand coordination
polymer Cu(B1MTT)(CI)(H20). The chloride can be further substituted with other
explosophores. The novel nitroazolyltriazene (only the second reported synthesis in
this class of compound) bis(1-methyl-3-nitro-1,2,4-triazol-5-yl)triazene (BIM3NTT) is
reported and has been characterised as its bis(triphenylphosphine)iminium (PPN)
salt.

Like the triazenes, azidonitroimidazoles and pyrazoles have also been neglected in
energetic materials research and so were investigated as energetic alkali metal salts.
2-Azido-4-nitroimidazole was synthesised as reported, however reports regarding
the synthesis of 2-azido-4,5-dinitroimidazole have had doubt cast on them as a result
of the work in this investigation. Potassium-2-azido-4-nitroimidazole has been
synthesised and its crystal structure determined. Two azidonitropyrazolates have
been shown not to form as their azido containing moieties but instead tautomerise to
form pyrazolo-tetrazolates. The crystal structures of these compounds, K-4-
nitropyrazolo[1,5 d]tetrazolate.H2-0 and Naz-3-oxido-4-nitropyrazolo[1,5
d]tetrazolate.5H20 , were determined. The thermal behaviour and detonation
parameters of the three novel alkali metal salts were determined with K-4-
nitropyrazolo[1,5 d]tetrazolate.H20 and Naz-3-oxido-4-nitropyrazolo[1,5
d]tetrazolate.5H20 potential being useful energetic compounds. K-4-
nitropyrazolo[1,5 d]tetrazolate.H20 also had its impact sensitiveness determined and
proved to be almost as sensitive to impact as DBX-1.
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Theses

1. What are the difficulties in the synthesis of DBX-1 preventing its full adoption
as the replacement for lead azide? Can DBX-1 be consistently synthesised in
a pure crystalline state? Can the identities of by-products in the reaction to form
DBX-1 be identified and characterised (crystallographically or
spectroscopically)?

2. Can novel copper(l)-nitroazolato compounds be formed using the same
reaction system as for DBX-1? Can the detonation performance parameters of
these compounds be recorded? Do the synthesised copper(l)-nitroazolates
have properties that allow them to be seen as DBX-1/Pb(Ns)2 replacements?

3. Can the known triazene, bis(1-methyl-tetrazol-5-yl)triazene, be used in the
synthesis of energetic coordination compounds? Can crystal structures of novel
metal-triazenido compounds be determined and how do they compare to
related known metal-triazenides? Do the novel metal-triazenides possess the
detonation performance parameters and long-term stability expected of primary
explosives? Can novel nitroazolyl-triazenes be formed and characterised?

4. Can known azidonitroazoles be synthesised in good yield and purity? Can the
alkali metal salts of these azoles be synthesised and their crystal structures
determined? Do the alkali metal salts possess similar detonation performance
parameters to other known alkali metal LFI’'s?

XVi



1. Introduction

The subjects discussed during this introduction have been chosen due to their
relevance to the work carried out and communicated throughout this thesis.
Classification of energetic materials is introduced to explicitly state the criteria used to
define explosives as either primary or secondary explosives. Knowledge of these
criteria is required to assess the later classification of novel compounds synthesised
during this research project. Information contained within this section is built upon a
general review of the common books in the field of energetic materials (ref!>) and also
research papers discussing the chemical classification of explosives. Characterisation
of energetic materials is covered to give a general guide to the tests common to
energetic materials. Information is once again built upon a review of books common
to the field but also upon the UN published guidelines regarding characterisation of
energetic materials alongside research articles dealing with particular characterisation
techniques. A brief history of the legacy primary explosives and the problems
associated with their use and a summary of the current replacements of these
materials is discussed. It can be said that this discussion is integral to the
understanding of why the research presented in this thesis was conducted. Information
in this section is developed from the various review articles published regarding these
topics alongside the book Primary Explosives by Matyas and Pachman which gives a
comprehensive account of the history of legacy primary explosives. Methods of
introducing the nitro group into azolates and mechanisms of nitration are covered
extensively during the introduction as nitroazolates feature heavily in this work.
Information regarding methods of introducing the nitro group to azoles has
predominantly come from the book Nitroazoles: Synthesis, Structure and Applications
and from the various papers that have come to be known to the author over the course
of this research project. The FTIR spectroscopy of NO2 groups is also discussed at
length in the introduction. FTIR has been used extensively as a way to probe the
bonding present in metal salts and coordination compounds of energetic ligands to
assert if reactions have progressed as expected. Information in this section has been
developed by a thorough review of the available literature and books specifically
regarding the vibrational spectroscopy of the NO2 group. Finally, a review of the
characterisation techniques used during this PhD research project has been
discussed.



1.1 Classification of energetic materials

Energetic materials are primarily classified based upon their uses. These classes are
explosives, propellants and pyrotechnics. Pyrotechnics are defined as energetic
materials that, when burned, release large amounts of light, heat, smoke, sound or a
combination of these.ll Pyrotechnics find common use as road flares, fire
extinguishers and fireworks.!! Propellants are compounds or mixtures of compounds
which, when burned, expel gaseous products, provide thrust and impart momentum
when initiated in a rocket motor, for instance. A key characteristic of propellants is that
they must combust in a controlled manner (i) and must not be able to undergo a
deflagration-to-detonation transition (DDT) (ii).l”! Explosives are further divided into
two classes according to their sensitiveness: primary and secondary explosives. It is
important to define the difference between sensitivity and sensitiveness.
Sensitiveness to stimuli is with respect towards accidental initiation and the
determination of probabilities of initiation by stimuli whereas sensitivity is related to the
reliability of a function (such as in tests more applicable to real world applications).!
However, throughout the chemical literature the terms are used somewhat
interchangeably (the use of either word during this thesis is with respect to the above
definition). Primary explosives are energetic materials which display a very rapid
transition from deflagration (defined as a subsonic combustion of a material after
ignition from a flame, shock, spark, friction etc. Deflagrating substances burn faster
and more violently, accompanied by flames/spark/crackling noises, than ordinary
combustible materials) to detonation (defined as the propagation of a chemical
reaction zone through an energetic material by the action of a shock-wave at a speed
faster than sound).BI*l Primary explosives generate large amounts of heat or a
shockwave which can then be used to induce either deflagration in propellants and
pyrotechnics, or detonation in other, more powerful explosives.[*l Primary explosives
are exceptionally sensitive towards initiation through impact, friction, electrostatic
discharge and heat in general — all of which can cause detonation. Secondary
explosives (also referred to as high explosives), unlike primary explosives, cannot be
easily initiated through impact, friction, electrostatic discharge and heat. Instead, the

detonation of a secondary explosive requires the transfer of a shockwave from a



primary explosive. Secondary explosives also usually have explosive performance
parameters greater than those of primary explosives.“

Explosive materials can also be classified according to their chemical
composition. Classification depending on the chemical composition of explosives can
prove useful with regards to the identification of classes of explosophores.
Explosophores are functional groups that can be incorporated into molecules to imbue
energetic or explosive properties. Knowledge of common explosophores also drives
theoretical studies into the property prediction of novel compounds which concentrates
on the thermal stability and sensitiveness to initiation. The structure-property
relationships derived from these studies are sometimes explicitly used to guide design
of novel explosive materials. Chemical classification also finds use in the detection of
explosive materials where the knowledge of common explosophores is key to deciding
upon the analytical methods required for detection of these materials. Various
iterations of these chemical classes have been issued by different authors since van’t
Hoff first proposed classes based upon the seven types of chemical bonds that usually
provide explosive properties to molecules in 1909.5 Each subsequent list of classes
further subdivides or reclassifies the chemical commonalities of explosives into ever
more niche categories.! However, common groupings of chemical classes are agreed
upon and can be used for broad definitions of the chemical classes of explosives
(Figure 1.1). Explosives can at first be divided between pure/single explosives and
explosive mixtures. Pure/single explosives refer to pure unimolecular explosives
whose decomposition may result in an explosion.[l Explosive mixtures are
combinations of two or more explosives to produce composite explosive mixtures such
as Composition B (RDX (60%) and TNT 40%) or Semtex H (PETN (50%) and RDX
(50%)). While explosive mixtures can be subcategorised, due to the focus of the work
of this thesis only single explosives will be discussed further. Single explosives can be
divided between organic and inorganic explosives. Organic explosives are explosive
molecules that contain at least one atom of carbon and only C, H, O, N or halogen in
their structures. The organic explosives can be broken down into six classes: !¢l

e Nitro explosives: Nitro explosives are organic explosives characterized by
having in their structure one or more nitro groups (R-NO2z). These can be further
divided into nitro aromatics (R-NO2 groups bound to a carbon atom that is part
of an aromatic ring system), nitro aliphatics (R-NO2 bound to a carbon atom as

3



part of an aliphatic chain), nitramines (R-NO2 group bound to a nitrogen atom)
and nitrate esters (R-NOz bound to an oxygen atom)[’]
e Organic azides: Characterised by having at least one azido group (R-Ns) bound
to a carbonlEll’]
e Peroxide explosives: Characterised by having one or more peroxido groups (-
O-0-) in their structure®
e Organic halogen amino explosives: explosives that contain at least one carbon
and one halogen amino group (-NXz, X=F, Cl...) in their structurel®l
e Azo/diazonium explosives- Explosive compounds containing at least one
carbon atom with an azo (-N=N-) or diazonium group (-N=N*)EI7]
e Miscellaneous organic explosives- explosives containing at least one carbon
atom which do not fit in any other classification
Inorganic explosives differ in that they contain no carbon atoms and/or contain an atom
in their structure different to C, H, N, O or the halogens. Inorganic explosives can be
further subcategorised into non-metal and metal containing inorganic explosives. Non-
metal inorganic explosives are explosives that do not contain either carbon or metal
atoms in their structure and can commonly be found in the form of ammonium salts
(inorganic ionic salts composed of the ammonium cation and an anion such as nitrate,
dinitramide, perchlorate...), nitrogen halides (NIs, NCls...) and as hydrazine
derivatives.BlIl®l Metal containing inorganic explosives are simply those explosives that
contain one or more metal atoms per formula unit. These can be further sub-divided

as shown below:[®

e Metal azides- Metal azides are the combination of the azide anion bound to a
metal cation such as Pb(N3)2[3l!

e Metal fulminates- Metal fulminates are the combination of a metal cation and a
fulminate anion, (C=N=0), such as silver fulminate(AgCNO) or mercury
fulminate (Hg(CNO)2). [3Il6]

e Metal acetylides- Metal acetylides are characterised as containing a metal atom
and an acetylide group (-C=C-) such as cuprous acetylide (Cu2Cz)!ll

¢ Organometallic explosives- Organometallic explosives consist of metal centres

surrounded by already high energy ligands. This class of compounds is very



broad with many examples such as the nitrotetrazolate coordination
compounds@lel
e Metal Salts- energetic organic or inorganic ligands bound to a metal centre by

jonic interactionst3Iel
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Figure 1.1: Chemical classification of explosives, categories highlighted in green are
of interest to this thesis

1.2 Ignition, hot-spots and phonon-mode up-pumping

Chemical explosions can be divided into five stages: Ignition, growth of deflagration,
deflagration to detonation transition, detonation and then the propagation of
detonation.!! Ignition can lead directly to detonation if the initiating impulse is able to

impart a large amount of energy onto an explosive. Heat produced from adiabatic



compression then causes the shockwave to propagate detonation (NB: the
conditions required for this usually occur only in specially-formulated explosive
compositions).[? It is thought that the ignition of explosives is a thermal process.
Ignition occurs when a material is heated to or above its ignition temperature, Tign,
which is specific to individual substances. Ignition temperature is defined as the
minimum temperature required for the process of initiation to be self-sustaining. The
action of external stimuli (friction, impact, electron static discharge etc. ) on explosive
materials inputs energy into the explosive and results in a rise in its temperature.
Once stimulated, the rise in temperature induces a series of pre-ignition reactions
(transitions in crystalline state, liquid phased becoming gaseous, thermal
decomposition etc.) which lead to a self-sustaining combustion of the material
termed ‘ignition’.!?l Energy from external stimuli can be converted to thermal energy
in a variety of ways. The heat produced from stimuli is concentrated in small
transient, regions of the material termed ‘hot spots’. There is no single mechanism of
formation of hot spots as the mechanism/isms that operate depend upon the energy
input and physical properties of the material. A non-exhaustive list of hot spot

formation mechanisms is detailed below: 10

e Adiabatic compression of trapped gas bubbles

e friction between explosive crystals and/or grit particles in an explosive

e rapid heating of other components of the explosive mixture (polymer binder etc.)
causing catastrophic failure of the component and energy release

¢ localized adiabatic shear of the material during mechanical failure

e heating at dislocation pileups

e heating at crack tips

Hot spots formed via friction readily form on the surface of crystals due to their
relatively low thermal conductivity (in comparison to metals). The temperature of the
hot spots must be greater than 430 °C for ignition to occur but the maximum
temperature of hot spots formed through friction is determined by the melting point of
the crystals (explosives with melting points below 430 °C will not achieve ignition
through the frictional formation of hot spots)./? Frictionally generated hot spots have

a lifetime of 10 to 103 seconds. It is important to note that not all hot spots lead to



detonation. If the energy lost to the surroundings is greater than the energy
generated by the hot spot formation then the micro-explosion will die away without

propagation of the detonation.[?

Hot spots formed via impact will have different mechanisms of formation depending
on the phase and form of the explosive. When liquid explosives are impacted,
trapped gas bubbles experience adiabatic compression and collapse and produce
local heating above the Tign of the explosive (NB: degassing of liquid explosives can
therefore lead to desensitisation). When solid explosives are subjected to impact, hot
spots form through either the compression and heating of gas bubbles or through
inter-crystalline friction. Primary explosives ignite only below the melting temperature
of the crystals and thus primarily ignite due to inter-crystalline friction whereas
secondary explosives ignite above their melting point. When exposed to impact,
secondary explosives will flow (plastic flow), entrapping gas bubbles. Hot spots then

form in a similar way to that described in liquid explosives.[24I10]

The thermal energy produced from hot spots must be efficiently converted to
molecular bond breaking vibrations to induce decomposition and propagate
detonation.! This occurs through a process called vibrational ‘up-pumping’. In this
model, energy (either from hot spots or directly from shock waves) is transferred into
the phonon modes (phonon defined as a quantum mechanical description of the
uniform vibrational motion of the atoms that make up the crystal lattice) that are
specific to a material.['113 These low frequency phonon modes must efficiently
convert (‘up pump’) this vibrational energy into higher frequency (>1000 cm™?)
molecular vibrations relevant to bond breaking. The dominant mechanism by which
up-pumping occurs is the anharmonic coupling of excited phonon modes with low
frequency molecular vibrations (known as doorway modes). The efficiency with
which up-pumping occurs has great control over the sensitiveness of an explosive,
with any process that leads to dissipation of energy (diffusion, rotational modes etc.)
having a desensitising effect on the sensitiveness of an explosive. In contrast, any
feature of a compound that leads to more efficient up-pumping (NB: it has been
reported that defects in the crystal can lead to a local increase in the anharmonic
coupling of excited phonon modes with low frequency molecular vibration)*1I will

have a sensitising effect.



1.3 Characterisation of energetic materials

To determine whether an explosive can be classified as a secondary or primary
explosive, sensitiveness tests to certain stimuli are used. Impact sensitiveness (IS) is
one of the simplest and easiest methods of assessing sensitiveness with references
for its use dating back to the early 20" century.! The United Nations (UN)
recommended impact sensitiveness tester is the BAM drop hammer (BAM =
Bundesanstalt fuer Materialforschung and —pruefung, federal authority for materials
research and materials testing of the FRG) (Figure 1.2).123 A typical tester will consist
of an impactor of known mass, m, and an anvil. The tested substance is placed
between two steel cylinders and then onto the anvil. The impactor is then released
from a known height and guided to strike the metal cylinder. The impactor is dropped
multiple times from a series of drop heights onto a fresh sample each time. Each drop
is recorded as a “go” (i.e., flash, smoke, and / or audible report) or “no go”, depending
on how the energetic material has reacted.l®l*ll16-18] The data is then converted to an
observed probability of samples initiated vs. drop height plot, from which the hso height
(at which 50% of drops resulted in initiation) and the Eso energy (energy required for
50% of drops to initiate) can be interpolated. These values are essential in the
discussion of impact sensitiveness. Compounds with Eso above 40 J are considered
to be insensitive; note that primary explosives typically have Eso below values of 4
J.AISI7T A compound is considered insensitive at a certain drop height only if none of
the drops result in a “go”. The minimum impact energy required for any initiation is
defined as the height at which one out of six drops initiate the sample. While h/Eso
are useful for describing the impact sensitiveness of explosives one must also
consider the limitation of such values. Due to differences in tester design (mass of
weight used, drop height, sample mounting procedure, use of grit paper, shape of
striking pin etc.) values of h/Eso for explosives should not be seen as infallible and true
for all laboratories. Instead, the h/Eso for a specific explosive is true only for the
laboratory in which the impact test was done. Even with the UN recommended BAM
tester (used by many laboratories around the world) one cannot assume that values
between BAM testers will be consistent. Sample morphology can also play an
important role in the obtained sensitiveness values with differences in crystal size and

shape greatly affecting the value recorded. Therefore, not only are h/Eso specific to
8



the laboratory and equipment used to record the values, but it should also be said that
the recorded value is specific only to the particular batch of explosive used for the
test.[1920] The use of a standard on the specific tester used is imperative for
contextualising the values for h/Eso. While values for sensitiveness can change
between labs, by recording a value for sensitiveness for a standard (RDX, PETN etc.)
one can at least draw general trends of sensitiveness useful enough for discussion of
the safety one must employ for safe handling of the explosive in question. For
example, RDX (reported IS of ~7J) is a useful standard when the impact sensitiveness
of primary explosives is being assessed due to the proximity to the typical value for
primary explosives (~4J). Any compound found to have a higher sensitiveness
towards impact than RDX can be seen as a potential primary explosive and must

therefore be treated appropriately.

M

T v=1

Figure 1.2: Specialised apparatus for standard, quantitative testing of energetic materials.
Left: BAM Falhammer for impact sensitiveness testing(Image copyright ref'®); Top Right:
Spark generator for electrostatic sensitiveness testing (Image copyright ref'®); Bottom Right:

BAM friction sensitiveness tester (Image copyright ref?!)



Another important test for sensitiveness is the friction test. Friction
sensitiveness (FS) testers measure the frictional force required to initiate an explosive
reaction. The BAM friction tester (Figure 1.2) is probably the most widely used
commercial instrument and is part of the UN-recommended testing procedure for
determining friction sensitiveness.!%! In this test a porcelain plate loaded with 20 mg
of the sample being tested is moved beneath a porcelain peg through which a load
can be applied by suspending weights on the loading arm. The test proceeds through
loads ranging from 0.1 N to 360 N with six trials conducted at each load.[*16l117]22l The
friction sensitiveness of an energetic material is then defined as the lowest frictional
load at which one explosion occurs during six trials.*ll'6l Compounds with friction
sensitiveness’s of above 360 N are regarded as friction insensitive while compounds
with sensitiveness’s of under 80 N will be designated as too sensitive for transport.
Primary explosives typically have friction sensitiveness’s of below 10 N.[“l15] Materials
must also be sieved prior to being tested; the particles for the test should pass through
a sieve with 0.5+0.05 mesh size (NB: while particle size is not specified for the other
energetic material tests, sieving to ensure uniform particle size should also be
performed for all tests) .15

Sensitiveness to electrostatic discharge (ESD) is one of the most frequent
causes of accidents with energetic materials, hence, determining this type of
sensitiveness is a critical and increasingly important test for any energetic material, 2!
especially, given that the human body can become electrostatically charged and
generate spark energies of 0.005 to 0.02 J [4. ESD is measured using an ESD test
apparatus (Figure 1.2) whereby spark energies, typically ranging from 0.001 J to 20
J, are applied to a material sample.l*! ESD values are highly particle size-dependant,
and samples must therefore be sieved prior to measurement to ensure sufficient
homogeneity in particle size.ld Materials with ESD values less than 0.1 J are
considered sensitive and those with sensitiveness’s above 0.1 J are described as
insensitive.!

The Koenen test, devised by Koenen and Ide in 1956 is another test used for
the evaluation of energetic materials.?*l This test is used to determine the effect of
intense heat on a confined solid or liquid.l* The result of this test is used to determine
transport safety.[*! For this test, a sample is loaded into a steel tube with defined
material and geometric parameters, which is then sealed with a nozzle plate containing

10



a nozzle with defined opening diameter. The tube is then heated by three gas burners
in a particular geometric, fixed, arrangement (Figure 1.3) until the sample tube either
ruptures, or until a minimum of 5 minutes has passed uneventfully. After each test the
fragments (if any) are collected and weighed. A reaction is recognised as an explosion
if the tube has fragmented into three or more pieces.[!%I24[25] Since the fragmentation
of the tube plays a significant role in this test, meaningful comparisons of test results
can only be made under conditions where the bursting pressure of the tube is roughly
constant.!!

While not an important parameter in the classification of new energetic
materials, thermal stability is nevertheless critical for an assessment of chemical
stability which has a large impact on potential practical applications of a given material.
Differential scanning calorimetric measurements (DSC) are usually performed as a
simple and quick method that requires only small amounts of material (1 to 10 mg) at
a time, to determine both decomposition temperatures and reaction heats.

Figure 1.3: Koenen Test apparatus (Image copyright ref?®)

Typically, samples are confined either in perforated aluminium crucibles
allowing for pressure release, or in hermetically sealed stainless-steel capsules

equipped with a burst disc. In either case, samples are heated at rates at or below 10

11



K mint. Sufficiently low heating rates must be chosen to avoid sample explosion which
damages the calorimeter sample heating stage. However, longer-term stabilities
require more involved measurements. These can, for instance, be performed by
isothermal calorimetry which requires time periods of 48 hours or longer. Alternatively,
isoperibolic calorimetry can be applied where the stability of substances in a cell with
controlled internal temperature is investigated.™!

The Kneisl-Test is another method of testing long-term thermal stability. In this
test a known quantity of a substance is sealed in a glass ampoule and then placed in
an oven for a duration of 100 hours at the temperature for which thermal stability is
needed. At the end of the heating period, the ampoule is opened, the mass of the
remaining product recorded, and any gaseous products analysed by standard
methods (FTIR, MS, GC-MS). If less than 2% of the original mass of the substance is
lost to decomposition, then the substance is deemed to have passed the test for that

temperature. [“I16]

1.4 Primary explosives: Uses and legacy primary explosives

Primary explosives find use in initiatory devices. These devices can be
classified as either detonators or igniters.[?8] Detonators are designed to generate a
shockwave which can be transferred to a secondary explosive (vide supra).B! Igniters
are designed to produce a flame and / or molten slag which generates sufficiently large
amounts of heat to allow the ignition of propellant / pyrotechnic assemblies without
shocking the propellant.?8l Because of the different outputs of detonators and igniters,
different formulations of chemical compounds are required in each. The formulations
are typically combinations of primary explosives with various pyrotechnic fuels and
oxidisers.®! Both detonators and igniters themselves are initiated in a variety of ways
such as flame, heat, impact, stab, friction and electric spark. Detonators and igniters
are used as the second phase of what has come to be known as the explosive train
(Figure 1.4).8

The explosive train is an arrangement of explosive components through which
initiation from a primer is transferred into the main charge of the train.®! Primers deliver
an initiating impulse to either the detonator or igniter. This impulse is fed into the output

charge of the detonator or igniter which creates either a shockwave or heat output
12



which, depending on the intended use, can be fed to the main charge containing either
secondary explosive or propellant / pyrotechnic. In the case of very insensitive
secondary explosives, the output of the detonator will be fed into a booster charge

which then feeds into the main charge. B
Non-explosive,

i initiati Flame
simple initiating Pri

; rimer, Booster,

impLseifiame, > initiatirllg 4>/ heat transfer/ Shockwave
heat, impact, stab, output
friction, electric charge charge

spark, etc)

Shockwave
output

Non-explosive,

simple initiating > Flame
impulse(flame, !'-‘r.lr.ne.r/ / heat Output Flame/molten
heat, impact, stab, >| initiating > Charge > slag

friction, electric charge
spark, etc)

Figure 1.4: Schematic representation of the two most common types of explosive

trains

1.4.1 Legacy primary explosives

Mercury fulminate (MF) is one of the oldest known compounds suitable as a primary
explosive. References go back to as early as the 17" century, including details of its
synthesis.l?”l Mercury fulminate found extensive use in the 19t and early 20" century.
The first patent for its use as an initiator was issued in 1807.%! Thanks in part to the
work of Alfred Nobel in developing his “Fulminate Blasting Caps”, and due to its
desirable characteristics, such as high density, flammability, stability, brisance and
desired sensitivity, MF became the most widely used primary explosive of its time and
maintained this status until alternatives with greater initiating efficiency, lower toxicity
and cheaper technical syntheses became available.l®! Research into the use of MF
has waned over the years and it was only in 2007 that the first crystal structure was
published (Figure 1.5).[28
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Figure 1.5: Projections of the thermal ellipsoids in the molecular structure of mercury
fulminate (set at the 67% probability level) showing the asymmetric unit; Atoms
colour coded as follows: Red=0Oxygen; Blue=Nitrogen; Grey=Carbon;

White=Mercury, image produced from data available in ref28

Lead azide (LA) (Figure 1.6) is the compound that eventually replaced MF in
initiator formulations. The synthesis of LA is first attributed to Curtius in 1889.12% |t
involves the addition of lead acetate to a solution of sodium or ammonium azide,
resulting in the precipitation of LA. Initially, lead azide did not replace the more
expensive mercury fulminate. It was not until 1907, when interest was once again
sparked, B% and not until 1920 when the problems with industrial application of LA,
mostly related to its high sensitiveness, were overcome.! Following this, LA, due to
its lower cost and superior initiating efficiency compared to mercury fulminate,
gradually replaced the latter as the primary explosive of choice and has yet to be fully
displaced from this position by modern primary explosives. While an important part of
initiatory formulations, the future use of lead azide in these formulations is currently
under review. The review is necessitated by two key issues: (1) The lead content — as
a heavy metal, lead is highly toxic and detrimental to humans and most organisms in
general, and (2) concerns over its stability in long-term storage. Dry LA is stable under
normal atmospheric conditions. However, if LA is exposed to air, it will slowly

decompose in a reaction with CO2 and H20.E!
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Figure 1.6: Ball and Stick diagram of the molecular structure of Lead Azide, Pb(N3)>.
Atoms colour coded as follows: Grey=Lead; Blue=Nitrogen, image produced from

data available in ref3!

If the partial pressure of CO: is lower than 1.2 kPa, basic lead azide (PbO.Pb(N3)2)
forms along with hydrazoic acid (HNz).[! At higher CO2 partial pressures, dibasic lead
carbonate (2PbCO;-Pb(OH),) forms next to HNs. If the LA-containing explosive
mixture is not sealed well, then the HN3 evaporates resulting in a gradual conversion
of LA to one of the two lead hydroxide compounds detailed above.l®! Whilst it was
feared initially that this would impact the initiation efficiency and, hence, decrease the
overall ability of LA to perform with the desired strength, it was found that the formation
of a lead carbonate layer helped to protect the bulk of the LA from further
decomposition and consequently had a much lower impact on performance.l® The
more pressing issue with LA decomposition is the proclivity of HN3 towards reactions

with metals other than the lead.[*2 HN3 can react with various metals to produce metal
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azides such as copper azide, which have a greater sensitiveness than LA with serious
consequences to the handling requirements and safety.!

Lead styphnate (LS) is another well-known lead-based primary explosive. It
found extensive use alongside LA in initiator device formulations. LS has been used
in two different forms as either normal lead styphnate, or monobasic lead styphnate
(Figure 1.7). The interest in normal lead styphnate stems from research conducted
around the same time as LA. While the first patent for LS was issued in 19153 its
synthesis had already been detailed 40 years earlier by Stenhouse.!** Stenhouse
synthesised LS through the reaction of lead acetate with an aqueous solution of
styphnic acid. The currently employed syntheses, however, predominantly rely on the
reaction of a soluble styphnate salt with either lead acetate or lead nitrate.l? LS has
been shown to have poor initiating efficiency with the only high explosive it can
detonate being PETN (NB: PETN constitutes one of the most sensitive commercial
high explosives). The need for LS arises from its high sensitivity to flame and ESD
initiation compared to lead azide. While lead styphnate cannot initiate many secondary
explosives, it is able to easily initiate other primary explosives, such as lead azide,
which do not initiate as easily from flame and ESD.B! Thus, lead styphnate finds uses
in mixtures with lead azide. A typical formulation contains a mixture of 30 % lead
styphnate and 70 % lead azide which combine the high sensitivity to flame and ESD
of lead styphnate with the high initiating efficiency of lead azide.l!

While forming many different basic salts, only the monobasic salt of lead
styphnate has found practical use. Monobasic lead styphnate was first synthesised by
Griese in 1874.3% Monobasic lead styphnate is prepared by reaction of the sodium or
magnesium salt of 2,4,6-trinitroresorcine in an alkaline reaction medium with lead
nitrate.[?! Monobasic lead styphnate has similar properties to lead styphnate with a
high sensitiveness to ESD and flame but has a higher sensitiveness to impact and a
higher temperature of ignition. Monobasic lead styphnate also finds use in initiatory

mixtures with other primary explosives, binders and fuels.[2¢!
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Figure 1.7: Left: Normal Lead Styphnate; Right: Basic Lead styphnate

The extreme sensitiveness towards ESD of both normal and basic lead
styphnate presents a significant problem in the production of these compounds. This
has resulted in accidents during LS production and handling.®! Operations that involve
movement of the material, such as mechanical grain size and shape modifications and
sieving, can result in electrostatic charge build-up, which, therefore, have to be
performed with the utmost care during large-scale (patents exist detailing syntheses
of tens of kilograms of “wet” lead styphnatel3¢l) synthesis of LS. Attempts had been
made at synthesising graphite-coated lead styphnate to help desensitise the
compound and overcome these issues. However, no noticeable difference in its ESD
sensitiveness was observed.!

By far the biggest issue with both lead azide and lead styphnate is, again, the
use of lead (vide supra). The toxicity of lead azide has been investigated as early as
1943 by Fairhall et al.l®”! In rats it was found that, while the accumulation of lead in
tissue was similar to other lead salts, the toxicity of lead azide was greatly increased
due to the azide anion and the subsequent production of azidyl radicals (Figure
1.8).1%8 Even though acute lead poisoning is uncommon, chronic lead poisoning from
repeated low-level exposure, such as that found in long-term handlers or users of
initiators, leads to a variety of health problems including persistent vomiting,

encephalopathy, lethargy, delirium, convulsions and cancer. 39140l
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Figure 1.8: Production of the azidyl radical from the azide anion

The reasons for the high toxicity (toxicity defined as the degree to which a
chemical substance can damage an organism) of lead itself has a large history of
research behind it. Oxidative stress has been reported to be a major cause of lead
toxicity.[3%40l Oxidative stress is a phenomenon caused by an imbalance between
production and accumulation of reactive oxygen species (ROS) in cells and tissues.

The presence of lead leads to a reduction in the number of antioxidants available in

cells to quench radicals (Figure 1.9).[39140]
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Figure 1.9: Mechanism underlying the development of oxidative stress in a cell on
lead exposure, (Image reproduced with permission from [40)
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Glutathione, a key intracellular antioxidant, is deactivated by lead due to the
formation of bonds between lead and the thiol group present in glutathione (Figure
1.10).140044
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Figure 1.10: Glutathione-lead binding modes, Reprinted with permission from V.
Mah, F. Jalilehvand, Inorg. Chem. 2012, 51, 6285-6298, Copyright 2012 American

Chemical Society 1)

The toxicity of lead arising from an ionic mechanism of action mainly arises due
to its ability to substitute out other metals such as Ca?*, Mg?*, Fe?* and Na*, affecting
various fundamental biological processes of the body.!*? Significant effects have been
found on various cellular processes like intra- and intercellular signalling, cell
adhesion, protein folding and maturation, apoptosis, ionic transportation, enzyme
regulation, release of neurotransmitters, etc.[*2 The ionic mechanism contributes
principally to neurological deficits, as lead, after replacing calcium ions, becomes able
to cross the blood-brain barrier (BBB) at an appreciable rate, thereby affecting key
neurotransmitters such as the protein kinase C, which regulates long-term neural

excitation and memory storage.*%

1.5 Replacements for lead-based primary explosives

Because of the hazards associated with lead exposure, large research efforts have
been dedicated to finding a synthesis of alternative primary explosives with lesser

health and environmental concerns. Any lead-free primary explosive (the term lead
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free initiator (LFI), commonly used in the chemical literature, is used interchangeably
with lead-free primary explosive) would have to fulfil the following criteria to be
regarded as a viable alternative to lead azide and lead styphnate[*2:
e must have performance equal to or greater than that which can be expected of
current lead-based formulations
e must lend itself to safe and reliable synthesis
e insensitivity towards moisture and light
e sensitivity towards initiation (ideally low sensitiveness towards unwanted stimuli
while retaining a high sensitivity in specific devices)
e thermally stable up to at least 200 °C
e chemically stable for extended periods toward carbon dioxide and water
e devoid of toxic metals such as lead, mercury, silver, barium, or antimony
e must be free of perchlorate due to perchlorates ability to affect the function of
the thyroid gland

1.5.1 Potassium-based primary explosives

One of the more promising areas in replacements for lead-based energetic
materials is the synthesis of potassium salts of energetic ligands. The combination of
heterocyclic-based nitrogen-rich energetic ligands with environmentally friendly
potassium metal has proven to be a successful route to viable lead-free energetic
materials. One of the first reported synthesis in this area revealed the synthesis of
potassium 4,6-dinitro-7-hydroxy-7-hydrobenzofurazan-1-oxide (KDNBF) (Figure
1.11), which was communicated in 1899 by Drost.[*?l In Drost’s paper, the salt is
described as the product of replacement of an aromatic ring hydrogen, located on the
phenyl ring, by a metal. Further work by Gaughranl(*4 showed that this product was
unlikely to possess the suspected structure and Boulton!*®! showed that the originally
obtained compound was in fact the Jackson-Meisenheimer adduct (a Jackson—
Meisenheimer complex is a 1:1 reaction adduct between an arene carrying electron-
withdrawing groups and a nucleophile) between potassium hydroxide and 4,6-dinitro-
benzofuroxan, which forms by the reaction of 4,6-dinitrobenzofuroxan with potassium

bicarbonate. While still known as a viable lead-free primary explosive, thermal analysis
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has shown that KDNBF cannot be regarded as an alternative to lead-based energetic
materials because its thermal stability is insufficient.!6]
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Figure 1.11: Left: Structure of KDNBF; Right: SEM image of crystalline
KDNBF, (Image reproduced with permission from refl47)

Another potassium-based replacement described in the open literature is
potassium-1,1’-dinitramino-5,5-bistetrazolate(K2DNABT).1*8 This compound was first
synthesised in a seven-step procedure by Klapétke et al. in 2014 (Figure 1.12).148]
K2DNABT was found to be essentially non-toxic and therefore held potential as a lead
azide replacement.[*®! Both standard analysis and unique-to-energetic materials-
analysis was done to determine whether K2DNABT has potential as a primary
explosive. KzDNABT was shown to have high sensitiveness in the impact, friction and
ESD tests, with values for all of these tests at levels around those found for lead
azide.[*8] Instant detonation of the material that came into contact with flame or a hot
needle alongside the successful ignition of 1 g of RDX by 40 mg K2DNABT shows
K2DNABT to be a lead azide replacement candidate.*®! When heated to a temperature
of 100 °C and held for 48 h, K2DNABT shows no sign of mass loss or decomposition
(Kneisl test, vide supra) highlighting the desired high stability for this compound. While
violent decomposition of the material was reported if the temperature reached 200 °C,
this is still within the acceptable range for a lead azide replacement and thus K2DNABT
remains in consideration for detonator and primer formulations of the future.“8!

21



N,H, NCS

o]
0 o ; i
0.5 equiv glyoxal )L N N
o N T ~o N ‘\\//\\N/ 0\ —_—
\\ / Yo \ - 2 90 % H 72 %
0 o O N
1 H 2 NCS

T ol
O N
T-°
o N,
)’I\ P O nes . )L N S 0 Hel
~o N X N \H/ N e o N7 Xy N~ \ﬂ/ ™~ Ebo
3 N, 4
o B o ]
>\O/ y‘:/ O2N'-—_.Ne K
AN o KOH \
N
—_—= N ~nN
N/N\ \'\_N N,O5 N/N\ \‘\N 61% ,U N lL
> )= ~ N
—~ N—" N N—" \I
K_ —
\H o \“‘NDQ =] NO,
o K,DNABT
aw aw :

Figure 1.12: Synthesis of Kz2DNABT, (Image reproduced with permission from
refl48l)

While KDNBF and K2DNABT are prospective replacements for Pb(Ns)2, potassium-
based replacements for lead styphnate are also known and have shown comparable
explosive performance in igniters and comparable thermal stabilities. The most
promising of these is potassium-5,7-dinitro-[2,1,3]-3-oxide-benzoxadiazol-4-olate
(KDNP) (Figure 1.13). KDNP has been known since 1983 with the first synthesis
published by Norris et al.[*9 KDNP is a remarkably similar compound to KDNBF, with
the only difference being the removal of one ring hydrogen and subsequent restoration
of aromaticity over the entire ring structure. While use of KDNBF is rare due to its low
thermal stability, KDNP possess a greatly increased thermal stability and so has
attracted further investigation as a LS replacement. A variety of synthetic procedures
are known to produce KDNP including the original preparation by Norris and the
Boulton-Katritzky rearrangement of 5-chlorobenzofuroxan.>® However, preparation by
these routes leads to KDNP which retains the water used as reaction solvent and gives
needle-shaped crystals that are very friction/impact sensitive. A better method devised
by Fronabarger et al. shows that the synthesis of KDNP can be achieved by nitration
of 3-bromoanisole to form 3-bromo-2,4,6-trinitroanisole which can be heated with

potassium azide in methanol at reflux to displace the bromine for an azido group. Once
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this solid has been isolated, it is then heated to reflux in diethyl carbonate at 134 °C
to form the furoxan ring and afford a KDNP polymorph which is comparably less
hygroscopic.’l KDNP can be initiated easily from a variety of methods. Its impact
sensitiveness is like that of LS, but the friction sensitiveness is significantly lower than
that of LS. Overall, KDNP has chemical, physical, safety and performance properties
which allow it to be regarded as a drop-in replacement (NB: drop-in refers to the
requirement that no redesign of existing explosive devices is needed beyond the use
of KDNP as a volumetric replacement for LS) for LS in a variety of applications. KDNP
also offers environmental improvements over lead styphnate in manufacture, use and

disposal.
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Figure 1.13: Lewis structure of KDNP

1.5.2 Copper(l) nitrotetrazolate

One of the most promising replacement candidates thus far, however, is copper(l)
nitrotetrazolate (from here referred to as DBX-1 as per the convention set by
Fronabarger et al.) (Figure 1.14).52 While a synthetic method has been known for a
long timel1®l, DBX-1 has recently been the subject of renewed interest due to its
potential as a lead azide replacement. A large body of literature reporting new

research has been published recently detailing the synthesis of DBX-1 through two
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main methods. The first synthesis was detailed in a 2007 patent filed by Fronabarger
et al.153 The synthesis involves the reaction of copper (1)-chloride (CuCl) with sodium-
nitrotetrazolate dihydrate(NaNT.2H20) at various temperatures in the range 80 °C to
130 °C. Product identity was proved by digestion of a sample in 1 M agqueous NaOH
and subsequent UV/vis determination of 5-nitrotetrazolate content. A nitrotetrazolate
content of 62.25% was taken as confirmation of the identity of the material as Cu(l) 5-
nitrotetrazolate (theoretical value of 64.22%). Clearly, the material has an unidentified
impurity, though, my analysis of the supplied IR spectra suggests that the discrepancy
could be due to inefficient drying of the product.[>3 This synthetic method has been
used in related research published elsewhere;> however, it has lost popularity in

favour of alternative synthetic methods.

Figure 1.14: Inset bottom left: Structure of Cu(l)-Nitrotetrazolate; Right: Crystals of
Cu(l)-Nitrotetrazolate, viewed under optical microscope 100x zoom, Images taken at
The University of Sheffield

Recent papers have detailed the synthesis of DBX-1 that relies instead on the reaction
between sodium nitrotetrazolate (NaNT) and CuClz to form a Cu(ll)-nitrotetrazolate
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species in situ which is then reduced at 90 °C by the addition of sodium ascorbate. >
This method has been favoured by some research groups as it relies on the cheaper
CuClz instead of CuCl as a starting material.[>? Fronabarger et al. detail the batch
synthesis of DBX-1 up to a 2.5 g scale. In this paper, DBX-1 was also investigated as
a drop-in replacement for lead azide.[5? Thermal analysis demonstrated that DBX-1 is
thermally highly stable and outperforms common lead azide-based detonator
formulations in a multitude of tests such as humidity, high and low temperature tests
and high resolution TGA. Various performance tests were also performed with DBX-1
which demonstrate that it possesses performance characteristics equal to, or greater
than, those found for lead azide.5?

The synthesis that relies on the reduction method has also been detailed and
improved upon in a paper by Ford et al.l5%! In this paper, a flow reactor method for the
synthesis of DBX-1 is explored, which allows for its production without the need to

handle its explosive precursor, sodium nitrotetrazolate, and without the need for NaNT
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purification (Figure 1.15).[56]
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Figure 1.15: Top: Process to NaNT utilizing reactor with internal filter for synthesis of

NaNT without manual manipulation of 1; Bottom: Process for converting crude NaNT
solution to DBX-1 without prior purification (Image reproduced with permission from

refl5s])
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While a highly promising lead-free initiator (LFI), DBX-1 is considered still
problematic in its potential to replace the conventionally used explosives due to
existing hurdles in its suggested production process. Irreproducibility of published
results has been a major problem that prevented the full adoption of DBX-1 as the go-
to lead azide replacement. Some attempted reactions never converted the starting
material to pure, crystalline DBX-1.%1 The reasons for these outcomes are still
unknown. Purity of NaNT, dosing rate of reductant, and presence of seed crystals have
all been raised as potential variables that need tight control to produce high purity
DBX-1.05%1 Purity of NaNT has been investigated in a recent paper!® comparing the
effects of impure vs. pure NaNT in the synthesis of DBX-1. It was found that the NaNT
synthesised by classic methods has substantial impurities present, some of which
have been identified as 5,5-bistetrazole, 5-aminotetrazole and 1H-tetrazole.%! The
impurities in this material evidently prevents (inhibits) DBX-1 formation in the reduction
reaction. An improved synthesis of NaNT is also detailed in the paper and gives a
product which is sufficiently pure to allow its use in the reduction reaction. It produces
DBX-1 to a level of purity comparable to that found in genuine DBX-1 used in
detonators.!®¢1 Only the method published by Ford has proven capable of using impure
NaNT as a starting material.®® Work with DBX-1 has revealed other potential
problems: in the presence of certain oxidisers, such as sodium periodate,
decomposition of DBX-1 is observed with formation of Cu(ll) salts and water soluble
nitrotetrazolate salts. This implies that, in certain detonator / initiator formulations,
DBX-1 cannot be combined with additional oxidisers due to the formation of Cu(ll)

salts.>7]

1.6 Strategies for the synthesis of novel energetic materials

When designing new energetic materials, certain design principles are used to narrow
down the list of potential target compounds. A high nitrogen content (defined as the
nitrogen mass fraction (%) of an energetic material being above 60%) is regarded as
desirable since high nitrogen compounds typically possess large, positive heats of
formation which lead to high energy output upon detonation (chemical potential).ll It
is also desirable to realise near-zero oxygen balances. Oxygen balance is used to

determine the degree to which an explosive can fully oxidise its content to the standard
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oxides (CO2, H20, metal oxides, etc.). A molecule, compound or materials is said to
have a positive oxygen balance if it contains more oxygen than is needed and a
negative oxygen balance if it contains less oxygen than is needed for complete
combustion without external oxygen (without afterburn if used in air, for instance). An
oxygen balance of zero is desired as it is at this point that the heat of explosion (Q,
defined as the difference between the energies of formation of a material and the
energies of formation of the explosion products) reaches a maximum as this
corresponds to the oxidation of all carbon to carbon dioxide and all hydrogen to
water.”) A small oxygen deficiency has often less dramatic effects on the actual
performance parameters of Hdet (heat of detonation, amount of energy that can be
liberated on the detonation of explosives) and Vo (volume of gas produced after
explosion) due to afterburn which during the stage of expansion of the hot product
mixture leads to atmospheric oxygen to mix in and burn carbon and carbon
monoxide.®® High densities are also a desired characteristic for energetic materials.
For homogeneous explosives, the velocity of detonation (D) increases as the
compaction density (loading density) of the explosive material increases. Velocity of
detonation is defined as the velocity at which the shock wave front travels through a
detonated explosive. Velocity of detonations vary greatly depending on the class of
explosive used with primary explosives usually found in the range 3500-5500 ms* and
secondary explosives found in the range 5500-9000 ms™1.[41 Maximum velocity of
detonation is therefore achieved at the maximum density of the explosive which, for a
crystalline material, will be limited by the density of the crystal. While primary
explosives are generally desired to have the aforementioned properties, achieving
high values for the characteristic explosive parameters is less important than showing
the ability for the generation of a shockwave and the ability to transfer this to more
powerful secondary explosives.Fl Nevertheless, these design principles have driven
the research into novel primary explosives. Azoles have been heavily investigated for
their suitability in this respect due to their presence imparting high heats of formation,
nitrogen contents and densities on novel materials (Figure 1.16).5° They have also
displayed high thermal stabilities which is one of the key requirements of primary

explosives (vide supra).
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Figure 1.16: Known CHN and CHNO azoles

Azole rings contain C-sites and N-sites that can be further modified by introducing
explosophores, obtaining high performance energetic materials.!®? One of the most
widely used explosophores in azole chemistry is the nitro group. Nitro groups are
commonly incorporated into azole molecules via four key methods: a) direct nitration
of the carbon backbone of an azole (C-nitration),®! b) nitration of the N-H function of
the azole to form an N-nitro compound (N-nitration),[1 ¢) nitration of an amino group
attached to the azole forming a nitramino group,®? d) direct nitration of an acetonyl
group to form the trinitromethyl moiety.[%3 The most common method of introducing a
nitro group to the carbon backbone of pyrrole, imidazole or pyrazole rings relies on the
electrophilic substitution mechanism. In this mechanism, the nitronium ion, NO2*,
serves as the attacking electrophilic moiety.64 The nitronium ion can be formed by
protonating nitric acid with sulphuric acid in "mixed acid", a H2SO4 / HNO3 acid mixture
(Figure 1.17).1% The nitronium ion as the active nitrating agent was confirmed by the
work of Bennett 66l and Westheimer et al.,!®1 who stated that in mixtures of HNOs and
H2SO4 an “ionisation of the nitric acid was involved in the determination of the
maximum rate of nitration” and that only ionisation that produced a nitronium cation
could account for the “thousand-fold increase in rate of nitration that accompanies an

increase in sulphuric acid concentration”.[67]
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Figure 1.17: Formation of the nitronium cation from HNO3z and H2SO4

Nitronium cations can also be formed by the addition of metal nitrates to HNOs3, using
100% nitric acid or by the use of nitronium salts such as nitronium tetrafluoroborate,
which provides a preformed nitronium cation directly.[®8! Nitration reactions relying on
HNOs only, form the nitronium ion by autoprotolysis formally between two HNO3
molecules (Figure 1.18).[69
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Figure 1.18: Formation of the nitronium cation via autoprotolysis of HNO3

Following the work of Ingold, Hughes and Reed,[" it was commonly thought that both

nitronium cation and aromatic substrate take part in a reversible, bimolecular reaction
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to form a o-complex (Figure 1.19),['% the so called Wheland intermediate, which
subsequently undergoes fast deprotonation to form the aromatic nitro compound. This
mechanism was developed further by the work of Dewar,!”" who proposed that -
complexes represent transition states that lie between the starting materials and o-
complexes and between o-complexes and final product. Numerous theoretical and
experimental studies have been conducted for the purpose of understanding better
the mechanism of aromatic nitration.[’74 While commonly accepted as the
mechanism by which aromatic nitration occurs, the Ingold-Hughes mechanism has
been shown to not fully explain the experimental data available for aromatic
nitrations.[’>74 While kinetic investigations have shown the T-complex to be a
transition state blocked by only low activation energy and a high reaction rate towards

forming o-complexes, nitrations by nitronium salts do not share this behaviour.
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Figure 1.19: Electrophilic aromatic substitution by the nitronium cation

Olah et al. have found that nitronium salts have a reaction rate limited by the formation
of the much more stable t-complex followed by conversion to the unstable o-
complex.[®8] This provoked much discussion of a reaction mechanism previously

deemed sound. Alongside this, alternative explanations for the nitration mechanism
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involving the nitronium cation have been presented since the nitronium ion was first
identified as the active nitrating agent. A single electron transfer (SET) mechanism is
also seen as having merit when discussing this reaction scheme (Figure 1.20). First
proposed in separate papers by Kennerl™> and Weiss!’®, this mechanism requires the
transfer of an electron from the aromatic T system to the nitronium cation during
formation of the tr-complex resulting in the formation of an ion-radical pair
intermediate.[’”) Recombination of the two radicals then results in formation of the
same o-complex as seen in the Ingold-Hughes mechanism.[’”l This mechanism
attracted renewed interest thanks to the work of Perrinl’®, who showed that
electrochemical nitration of naphthalene resulted in the same ratio of products as that
achieved through acidic nitration.[”8! Further experimental results have also pointed to
a SET mechanism firmly promoting it as a rival to the Ingold-Hughes mechanism.[”
More recently, computational modelling of this class of reaction points firmly to the
SET mechanism being the dominant one especially in the case of electron-rich
aromatics.l””] These calculations have shown that significant electronic charge transfer
to the nitronium cation occurs at the mm-complex formation stage seemingly proving

that the SET mechanism is the one taking place.l’’]
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Figure 1.20: Nitration of benzene via the SET mechanism
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It must, however, be stated that these calculations consider the reaction in the gas
phase. A 2016 paper by Galabov et al.lB% has shown that when solvent effects are
included, no significant charge transfer takes place between arenes and nitronium
cations in the reaction in HNO3/ H2SO4 mixtures, and that the mechanism present is
in fact the Ingold-Hughes.[8% The conclusion one can draw from this is that the
mechanism by which the nitronium cation nitrates aromatic systems is still very much
debated. It has been suggested, and seems likely, that both mechanisms are viable
and the specific mechanism occurring heavily depends on the nature of the nitrated
compound, electron deficient vs. electron rich aromatic rings being an example. [0

While the nitronium ion nitration mechanism is still much debated, the nitronium
ion as the active nitrating agent has been invoked heavily in the syntheses of
nitropyrroles, imidazole and pyrazoles. Mono-nitrated pyrrole, imidazole, pyrazole,
dinitrated pyrrole, imidazole, trinitrated imidazole, pyrazole and tetranitropyrrole have
all been synthesised through nitration with the nitronium cation.[6181-841 The benefits of
using this reaction arise from the ease of the reaction set up, wide availability of the
starting materials and the good yields achieved in almost all cases. This reaction
method does have its disadvantages: certain sites on the azolate ring, most notably
the 2- and 3/5-positions in imidazole and pyrazole, respectively,l6182 cannot be
nitrated in this way. Forming these nitro derivatives has been achieved through
different means which are detailed below.

Acetyl nitrate (formed upon the addition of HNO3s to acetic anhydride) is also
widely used as a nitrating agent for azoles.[®® Addition to azoles without a “pyrrole”
nitrogen result in nitration similar to that seen with electrophilic substitution. When
added to azoles containing a “pyrrole” nitrogen, N-nitro compounds are formed
(Figure 1.21).1881
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Figure 1.21: Formation of acetyl nitrate
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In cases where N-nitration can occur at multiple sites, steric hindrance has a
large effect on which site is nitrated. Nitration generally proceeds at the least sterically
hindered nitrogen. In some cases, N-nitration can even be prevented completely by
using large bulky substituents (protecting groups) adjacent to “pyrrole” nitrogen
atoms.#”] N-nitro azoles have been shown to isomerise at high temperature to their C-
nitro isomers due to the thermodynamic driving force of forming C-NO2 bonds over N-
NO:2 ones (Figure 1.22).16182 This allows for the isolation of nitroazoles that could not
previously be accessed by direct azole nitration with the nitronium cation. N-nitro

compounds in H2S04 solution are also a nitronium cation source. 88l

NO, NO,
Figure 1.22: High temperature isomerisation of N-Nitro azoles to form their C-

Nitro isomers

Ipso electrophilic aromatic substitution, whereby the entering group binds at a position
in an aromatic compound already carrying a substituent group, [ by a nitronium cation
has also been exploited extensively in the synthesis of nitroazoles (Figure 1.23). Here,
the nitration of iodoimidazoles is covered in great detail in a series of reports which
show that diiodo- and triiodoimidazoles can be converted to their di- and trinitro
derivatives in a one-pot reaction as opposed to the stepwise nitration used to form
dinitro and trinitroimidazole reported elsewhere.[*!
) -]
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H
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Figure 1.23: Ipso nitration to form trinitroimidazole
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Beside some known special cases such as for triazolone, the direct nitration of
azoles containing both carbon and nitrogen atoms can only occur in azoles bearing
one or two nitrogen atoms.[®? For azoles with three or more heteroatoms, other
methods of nitration must be used. Amino-nitro functional group interconversion has
proven to be amongst the most popular methods of forming the higher-order
nitroazoles (nitro-tetrazoles and triazoles). Here, the Sandmeyer reaction is the key
method.PY The latter relies on the conversion of an aromatic amine into its diazonium
salt, followed by the displacement of the -N2* group by a nucleophile.?Xl Many of these
reactions proceed only in the presence of a Cu(l) catalyst.’!! Diazonium salts are
formed in situ by the action of the nitrosonium cation (NO¥). The nitrosonium ion is
generated by the reaction of sodium nitrite with acid.[®d The Sandmeyer reaction then
commences with the transfer of an electron from a Cu(l) salt to the diazonium salt.
This results in the breakdown of the diazonium with loss of N2 and the formation of an
aromatic ring radical.®élI® This reacts with the Cu(ll) catalyst via two routes: a)
reductive elimination from a formally Cu(lll)-aromatic ring species,®3®4 or b) via direct
transfer of an X atom / group with reformation of the Cu(l) salts (Figure 1.24).193134]
This method has been used to great effect when introducing nitro groups to azoles,
with the Sandmeyer reaction representing one of the few methods of introducing the
nitro group into tetrazole rings.[91s134]

Even though it is a viable approach, the oxidation of amines is not widely used
in the synthesis of nitroazoles. Mononitro-pyrazole, imidazole, triazole and tetrazole
have all been isolated through the use of oxidising agents such as peroxytrifluoroacetic
acid, Caro’s acid, and diazotisation of amine followed by oxidation through addition of
H2S0..168 While these reactions proceed, it appears that oxidation of amino groups
can only be used in the case where one nitro group is desired. There are no examples
of sequential or simultaneous oxidation of diamino azoles to dinitro azoles.®8 In some
select cases it is also possible to synthesise a nitroazole from cyclisation of two
reagents, one of which already contains a nitro group.%8 Nitro and dinitro pyrazoles
have been synthesised from the reaction of sodium nitromalonaldehyde with
substituted hydrazines and 1,2-dinitro-2-phenylethene with diazoalkanes.[®8 1,2,3-
nitrotriazoles can also be synthesised through cyclisation with 4-nitro-5-methyl-1,2,3-

triazole synthesised through the reaction of trinitropropane with sodium azide.[68l
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Figure 1.24: Mechanism B of the Sandmeyer reaction

1.7 Infrared spectroscopic properties of the -NO2 group

1.7.1 NO2 Group vibrational modes

Fourier transform infrared (FTIR) spectroscopy is one of the simplest and most
informative ways of characterising nitro aromatic compounds. The nitro functional
group, including the atom to which it is attached, can exhibit six distinct molecular
vibrations (Figure 1.25), three of which are relatively intense and can be used for
identification of the nitro group. Absorption of the asymmetric NO2 stretch (vas) typically
appears in the spectral range 1500-1650 cm™. A spectral distinction is possible
between C and N-bound -NO:2 groups. C-bound -NO:2 groups in aromatic compounds
have asymmetric stretches that appear in the region 1490-1580 cm™!, whereas those
for the N-NO2 moiety can generally be found in the range 1600-1650 cm™™1.[68] A
characteristic of the spectra of nitroimidazoles is a splitting of the absorption bands of
the antisymmetric N-O stretching vibration in the nitro group into multiple bands,
independent of the number of nitro groups. Therefore, it is impossible to determine the
number and positions of nitro groups in the imidazole ring from the IR spectra alone. %
This effect has also been noticed in polynitropyrazoles and it is reasonable to suggest

that it can occur in any polynitroazole.[®® However, this phenomenon has not been
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explicitly studied outside of imidazole. The symmetric stretch (vsym) in general appears
from 1260-1400 cm, but once again, C-NO2 and N-NO:2 have different expectation
ranges for vsym. The symmetric stretch for C-NO2 can be found from 1310-1400 cm™
and that of N-NO2 from 1260-1294 cm-2.[68l
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Figure 1.25: Molecular vibrations of the NO2 group: A) Asymmetric stretch, B)
Symmetric stretch, C) Symmetric bend/ Scissor, D) asymmetric bend/Pivot, E) Out-

of-plane deformation, F) Torsion motion/Twist

The nitro group is planar and contains 1T bonds. As a result, vibrational frequencies in
an X—-NOz2 unit are sensitive to conjugation or resonance effects with the X group
causing the nitro groups bonded to conjugated systems to absorb at lower frequencies
than those of non-conjugated systems. The asymmetric stretch is much more directly
affected by changes to conjugation than the symmetric stretch. It is known that the
frequency of the asymmetric stretch is affected by conjugation and, through
conjugation, by substitution. Electron-donating X groups attached to the aromatic ring
decrease the frequency while electron-accepting groups increase it. If the nitro group
is rotated out of the plane of the ring, then the frequency of the asymmetric stretch
increases as a result of reduced conjugation with the ring. It has also been shown that

for the six-membered rings, coupling of the asymmetric stretch to ring motions can
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result in the appearance of a “double peak” with a lower intensity forepeak visible and
the main, higher intensity peak separated by up to 80 cm-1.[97-101]

The symmetric stretch is known to couple to the X-N bond vibration and so,
while having a frequency range similar to that of the asymmetric stretch, is more
difficult to make direct correlations between ring substituents and frequency. Studies
have shown that the position of the absorption seems to be only slightly affected by
the electron-withdrawing or -donating characteristics of the substituent. While coupling
to ring motions can explain the slight effect ring substituents have on the frequency of
the symmetric stretch, it cannot explain the wide range of values the symmetric stretch
frequency can assume. Instead, it must be explained through coupling to the X-N
bond. Calculations have shown that the N-O bonds stretch while the N-X bond
compresses. Studies have also shown that the nitro group symmetric stretch always
couples with the N—X stretch and as such it has been suggested that, instead of two
coupled motions, the N-X stretch and N-O symmetric stretch could be considered as
a single concerted normal mode. Within compounds that have more than one nitro
group, coupling of the symmetric stretches can occur. Depending on the number of
nitro groups, and the synchronisation of their respective symmetric stretches, this can
greatly change the spectrum in the region 1260-1400 cm™ with two nitro groups
leading to either reduced or increased intensity of the symmetric absorption depending
on constructive or destructive interference of the two symmetric stretches. Compounds
with more than two nitro groups can lead to multiple symmetric stretches depending
on the synchronicity of the coupled symmetric stretches.[97-101]

The symmetric bend and out-of-plane deformation motions have lower
frequencies and are less intense than the stretching modes in the infrared spectrum.
While this can lead to the symmetric bend and out-of-plane motions being incorrectly
assigned, in nitro group containing aromatics the symmetric bend can still prove to be
a useful diagnostic band of the nitro group. The pivot and torsion motions are known
to occur at even lower frequencies than the symmetric bend or out-of-plane
deformation and are rarely observed. The nitro group bend is much less studied than
either vas or vsym but still proves to be a valuable characteristic stretch of the aromatic
nitro group. The symmetric bend refers to a change of the interior angles of the O-N-
O. Much like the symmetric stretch the -NO2 bend can also couple with the N-X stretch.
Unlike the symmetric stretch, which couples with the N—X stretch in only one way, the
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scissoring motion usually couples with the N—X stretch in two ways both with different
associated energy. For both C and N bound nitro groups the higher energy absorption
band corresponds to the bending motion where the O-N-O angle decreases and the
X-N bond compresses. In the lower energy absorption band, the interior angle
decreases while the N-X bond stretches. The higher energy band appears in the
range 750-900 cm and is generally the absorption band identified when one refers to
the nitro group symmetric bend. The lower energy band appears below 750 cm-? but
with its lower intensity is usually not used as a diagnostic NO2 group band.[7-101]

The out-of-plane deformation is frequently grouped with the symmetric bend
and referred to only as “-NO:2 skeletal motions”. The absorption band can be found in
the range 700-800 cm but is more commonly found in the range 710-760 cm. The
overlap of this band with the lower energy symmetric bend can make the out of plane
deformation difficult to distinguish. While this band has been frequently shown to not
couple with other bands, when coupling does occur, it is most often with other nitro
group out-of-plane motions, or with the bending motions involving atoms in the
backbone of the aromatic system. Studies have shown the out of plane deformation
to be only slightly affected by the electron-withdrawing or -donating characteristics of
nearby groups, or by the nitro group geometry. It is for this reason that the out-of-plane
deformation can be found in a relatively small spectral range. However, it is likely that
neighbouring groups which can sterically hinder out of plane motion would have a

noticeable effect on the position of this absorption band.[97-101]

1.7.2 Effects of nitroazole salt formation on infrared absorption bands

While the absorption bands of nitroazoles fall into the expected ranges for nitro
aromatic compounds, formation of nitroazolate salts can have a large effect on the
expected ranges for some of the absorption bands. Investigations into the FTIR
spectra of known nitroimidazoles and their respective Na/K salts were done by
Epishina et al.l®! It is known that upon deprotonation of nitroimidazoles, the electron
density does not remain localised on the nitrogen atom from which the proton
disengages but is instead distributed over the entire aromatic ring. It has been shown

in the case of nitroimidazoles that the nitro groups can also participate in this electron
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delocalisation. Depending on the extent to which electron density is concentrated on
either the ring or the nitro group two structures can be theorised:
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Figure 1.26: Charged (Right) versus uncharged (Left) nitro group resonance forms

of potassium-4-nitroimidazolate

When salt formation occurs with ‘uncharged’ nitro groups (Figure 1.26, Left), only a
small shift in band position is expected with the previously established trends for vas
and vsym holding true. However, when salt formation occurs with ‘charged’ nitro groups
(Figure 1.26, Right), characteristic bands of the charged nitro group must occur.
These are reported at ~1180 and ~950 cm™ for mononitroimidazolates. Formation of
the charged nitro group also results in conversion of the imidazole ring to an
isoimidazole ring which can also give rise to changes to bands associated with
imidazole ring vibrations with at least 3 strong-medium intensity bands associated with
formation of isoimidazole for some mononitroimidazolate salts. The salts of
polynitroimidazole are also affected by the formation of charged NO:2 salts. When
deprotonated, the disappearance of absorption bands at both ~1550 and ~1350 cm™!
and the development of new bands in the same regions as for the
mononitroimidazolates can be observed.l°® However as not all the bands associated
with the vas and vsym of polynitroimidazoles disappear it can be theorised that in these
cases electron density is not evenly split between nitro groups and instead is localised
over a select few giving rise to both charged and uncharged -NO: stretches. The
phenomenon of charged -NO:2 groups has only been directly reported in imidazoles. "]
However, while no report has been made of the existence of such resonance forms

for nitropyrazolates, triazolates or tetrazolates simple assessment of the resonance
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forms available to these compounds does show potential charge delocalisation over
the NO2 group. Therefore, this should be considered when assigning the absorption

bands of nitroazoles other than imidazoles.

1.8 Instrumental analytical characterisation of inorganic energetic

materials

Inorganic explosives require characterisation not only through methods common to
energetic materials but also to those common to coordination chemistry. Many
techniques exist for the characterisation of coordination compounds. X-ray
crystallography is one of the key techniques used for the characterisation of pure
crystalline coordination complexes in the solid state. Crystals are materials in which
the atoms are arranged in a highly ordered structure which extends in all directions.
In single crystal X-ray diffraction, a crystal of a compound is mounted on a goniometer
which can be used to orientate the crystal so that it can be analysed from multiple
angles. X-rays are generated from an X-ray tube and filtered so that they are
monochromatic. When the crystal is placed in the path of the X-ray beam the electrons
surrounding each atom in the crystal act as secondary X-ray sources and emit X-rays
as spherical waves (Thomson scattering).[102-1%4 Thomson scattering is an elastic
scattering of electromagnetic radiation and so the emitted X-rays have the same
energy as the incident X-rays that are fired at the sample. As the crystal is comprised
of repeating unit of scatterers this results in a regular array of secondary spherical
waves. These waves can combine either destructively or constructively, determined
by the relationship specified in Bragg’s Law. The specific regions where constructive
interference occurs can be detected and appear as spots of intensity on a 2D
diffraction pattern for a particular crystal orientation. The crystal mounted on the
goniometer is rotated in the beam so that a series of 2D diffraction patterns can be
recorded. From these 2D diffraction patterns, computation is used to develop a 3D
electron density map of the crystal which can then be used to build and refine a model
of the arrangement of atoms in the crystal.['92104 powder X-ray diffraction (PXRD) is
built upon similar theory to single crystal X-ray diffraction (SXCRD). However, in a
crystalline powder every possible crystalline orientation is said to be present in an

equal amount assuming the sample is randomly arranged. In practice samples are
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rotated to reduce the effects of any ordering of the crystallographic orientations. As all
orientations are present, diffraction results not in the formation of discrete spots of
intensity but instead as rings (Debye-Scherrer Rings). While structural determination
from PXRD patterns remains challenging for complex compounds, important
information such as phase identification, crystallinity and lattice parameters can be
found from PXRD analysis.!104

FTIR spectroscopy is also an important technique for the characterisation of
coordination compounds and is valuable for probing the environment in which the
ligand is coordinated. Upon coordination to a metal centre, electron density is donated
from ligand orbitals into metal centred orbitals. This transfer of electrons can have
dramatic effects on the electronic configuration of the ligand and result in shifts of
absorption bands to higher or lower frequencies all of which can be observed by FTIR
monitoring. Not only does the delocalisation of electron density away from ligand
orbitals play a role in absorption band shifts, back donation from metal d-orbitals into
ligand p-orbitals can greatly affect the ligand vibrations.

Mass spectrometry can also be used for the characterisation of energetic
coordination compounds. A mass spectrometer generates multiple ions from the
sample being investigated, it then separates them according to their specific mass-to-
charge ratio (m/z), and then records the relative abundance of each ion type. The first
phase of this process is generation of ions from the sample which can be done in a
multitude of ways depending on the information about the sample the user is looking
to find. In electron impact ionization (El), a vaporized sample is passed through a beam
of electrons. The high energy (typically 70 eV, the kinetic energy of the bombarding
electrons should have higher energy than the ionization energy of the sample
molecule) beam strips electrons from the sample molecules leaving a positively
charged radical species. The molecular ion is typically unstable and undergoes
decomposition or rearrangement to produce fragment ions. Due to the high degree of
fragmentation from EIl this ionisation method is considered a “hard” ionisation
technique. In electrospray ionisation (ESI) the sample being investigated is dissolved
in a solvent. The solution is then passed through a charge capillary needle which
produces a liquid jet emitting from the capillary tip. This leads to the formation of highly
charged droplets which disperse from each other due to coulombic repulsion resulting
in the formation of an aerosol. As the aerosol is pumped towards the mass analyser

41



desolvation occurs through the use of a drying gas or heat. As the droplets decrease
in size the charge density increases until it reaches the Rayleigh limit at which point
the droplets break apart into smaller charged droplets with this process continuing until
individual ions of the sample are generated. ESI is regarded as a soft ionisation
technique as it does not lead to a high degree of fragmentation. Matrix Assisted Laser
Deposition lonisation (MALDI) is another popular ionisation technique. MALDI uses a
laser energy absorbing matrix to produce ions from large molecules while being a
relatively soft ionisation technique. In MALDI mass spectrometry analyte is mixed with
a laser absorbing matrix and deposited on a target surface. After a laser pulse, the
irradiated spot absorbs the laser energy and the matrix-analyte mixture is thought to
desorb from the surface and become ionised. The matrix is then thought to transfer
protons to the analyte leading to charged analyte molecules. All these methods of
ionisation then pump the now ionised analyte molecules to the mass analyser. Mass
analysers are used to determine the mass-to-charge ratio (m/z), this ratio is used to
differentiate between molecular ions that were formed in the ionisation process. Time
of flight (TOF) mass analysers are some of the most widely used. TOF determines an
ion’s mass-to-charge ratio by measuring the time taken for analyte ions to reach the
detector. By accelerating ions in an electric field of known strength one can accelerate
the ions. This acceleration results in an ion having the same kinetic energy as any
other ion that has the same charge. The velocity of the ion depends on the mass-to-
charge ratio (heavier ions of the same charge reach lower speeds, although ions with
higher charge will also increase in velocity). The time that it subsequently takes for the
ion to reach a detector at a known distance is measured, and therefore, the mass-to-
charge ratio is recorded.[1051[106]

Measurement of magnetic susceptibilities (x, the ability of a substance to be
attracted to or repelled by an external magnetic field) can be an effective tool in
coordination compound characterisation in cases where the oxidation state of the
metal centre needs to be verified. Compounds can be split into two categories
according to their response to the applied magnetic field: Paramagnetic compounds
which align with the magnetic field (a property of compounds having nonzero spin or
orbital angular momentum), x > 0, or diamagnetic compounds which align against the
field, ¥ < 0. While paramagnetism arises from the presence of unpaired electrons in a

molecule, all electrons, whether paired or unpaired, cause diamagnetism. Magnetic
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susceptibility is therefore defined by the competing effects of attractive paramagnetism
and the repulsion of diamagnetism. The measured magnetic susceptibility of a

coordination compound, Xmeas, iS defined as:

Xmeas = XParamagnetic susceptibility + XDiamagnetic susceptibility

The paramagnetic susceptibility can be used to determine the number of unpaired

electrons in the compound through the equation:

N 2n2
T = 19°P
3k,

The number of unpaired electrons can then be used to determine metal oxidation state

[S(S + D]

provided the metal spin state can be determined.[1071108]

Elemental analysis is a simple characterisation method that provides important
information on coordination compounds. The most common form of elemental analysis,
CHNX analysis, is accomplished by combustion analysis. CHNX analysis is the
determination of the mass fractions of carbon, hydrogen, nitrogen, and heteroatoms
(X) in the sample. Combustion analysis works by heating an element quickly to a
sufficiently high temperature (>1000°C) so that it completely combusts. In this
combustion process carbon is converted to carbon dioxide; hydrogen to water;
nitrogen to nitrogen gas/ oxides of nitrogen and any other elements to their respective
combustion products. These products are then purified, usually by passing over high
temperature high purity copper to remove any oxygen not consumed in the initial
combustion and to convert oxides of nitrogen to nitrogen gas. Detection of the purified
gases by a variety of means is then used to determine the final mass fraction of each
element in the sample. Quantification of the elements requires calibration for each
element by using high purity standards. 109

Differential scanning calorimetry (DSC) is another important characterisation
method of energetic materials. DSC refer both to the technique of measuring
calorimetric data and to the instrument itself. DSC relies on the measurement of heat
flow and there are two different types of DSC instruments that can be used to measure
this: Heat-flux DSC which measures the difference in heat flux between the sample

and a reference and Heat flow DSC which measures the difference in power supplied
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to the sample and a reference. In Heat flux DSC, a sample and a reference crucible
are placed on a sample holder in a temperature-controlled furnace with temperature
sensors for temperature measurement of the crucibles. The two crucibles will heat at
approximately the same rate (NB: the reference crucible will generally heat faster due
to the additional heat capacity of the sample crucible) until a thermal event occurs. At
this point the sample crucible will either increase or decrease in temperature relative
to the reference. Once the event finishes the two pans once again continue to heat
until the programmed experiment end. The heat flow is calculated by integrating the
AT(Ts- Tr) / time curve. Heat flow DSC instead uses a double furnace design in which
the sample and reference crucible are placed in thermally insulated furnaces and not
next to each other as in Heat-flux-DSC. The temperature of both chambers is
controlled so that the same temperature is always present on both sides. The power
required to obtain and maintain this state is then recorded rather than the temperature
difference between the two crucibles. Once heat flow as a function of temperature can
be recorded analyse of the thermal events (glass transition temperature, melting point,

decomposition temperature etc..) can begin.110l111]
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2. Synthesis of novel Cu (I)-nitrotetrazolate
coordination polymer and insights into the formation of
DBX-1

2.1 Introduction

DBX-1 is a member of a family of energetic copper nitrotetrazolates consisting of

Cu(en)2(NT)z,M Cu(NH3)3(NT)z, (M")2[Cu2(NT)4-(H20)2],12 copper(l)
nitrotetrazolatell*! or DBX-1,Bl8] Cu(NT)2l7 and Cu(HzO)(NT)s-3H20EIRI0l (en=
ethylene diamine, NT = b5-nitrotetrazolate).The synthesis of DBX-1 is not

straightforward and reproducibility of results has prevented the adoption of DBX-1 as
the unanimous lead azide replacement (vide supra). There is a lack of insight into the
mechanism of its formation in the presence of sodium 5-nitro-tetrazolate (NaNT) by
reduction of either copper(ll) chloride with sodium ascorbate, Na(HAsc), in an aqueous
reaction, Bl or from copper(l) chloride directly.[*12 Efforts to achieve repeatable,
consistent and efficient synthesis of DBX-1 have driven research into testing specific
preparative methods.PlEI8l Below is detailed an investigation into the synthesis of
DBX-1 and the conditions needed for consistent synthesis of high purity DBX-1.

Research Questions

e Can DBX-1 be synthesised in high yield and purity by the methods reported in

the literature?

e Which factors control the reaction outcome?

e Can any other by-products be characterised to obtain a better understanding of

the reaction system?
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2.2 Results and Discussion

2.2.1 First attempted synthesis of DBX-1 and synthesis of high-purity
NaNT.4H20

Naea
H 1) CUSO4.5H20, Q
— N
N NaNO,, HNO, N
” / NH, > || / NO,
N— 2) NaOH 70°C N

Figure 2.1: Synthesis of NaNT

To elucidate the exact conditions under which DBX-1 forms, the precursor, sodium-
nitrotetrazolate (NaNT), had to first be synthesised in high purity and yield. NaNT was
synthesised according to a modified procedure published by Klapotke et al.[®! Briefly,
5-aminotetrazole underwent a Sandmeyer reaction to form 5-nitrotetrazole in solution
(Figure 2.1). This was then treated with NaOH, and the solvent removed, to afford a
light yellow crystalline solid. According to the reports of Klapdtke, this product contains
NaNT.2H20 contaminated with a large amount of NaNOaz.81 To purify this solid, a
Soxhlet extraction with hot acetone was used. This purification technique makes use
of the partial solubility of components of the solid phase in hot solvents to extract the
desired components into the liquid phase, leaving behind a residue comprised of
unwanted by-products. It was found that extraction of “wet”, crude NaNT resulted in
large amounts of NaNOs also being extracted during the Soxhlet extraction process.
Recrystallisation of the NaNOs on the underside of the sinter bed resulted in slow
extraction and a noticeable browning of the crude material (decomposition due to the
extended extraction time and prolonged exposure to hot acetone). NaNT must
therefore be dry prior to any extractions attempts (dry in this instance refers to the
crude NaNT being in a state whereby crystals are flaky, free flowing and not sticking
to the walls of any container with no noticeable solvent residues apparent if sample is
manipulated on filter paper). Due to the energetic nature of NaNT and warnings from

published procedures regarding its sensitiveness to stimuli in the dry state,® the rotary
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evaporation of the crude material prior to extraction was performed behind a blast
shield and carefully monitored to ensure that, while dry, the product was not so dry as
to needlessly increase its sensitiveness (drying to the extent of removal of any water
present in the crystal). No unexpected explosions of this now dry material were
experienced when handling and loading into the Soxhlet extraction apparatus. The
solid was extracted as previously attempted with boiling acetone as the liquid phase.
After 12 hours of extraction, all yellow colourations had left the solid, leaving behind
only a white solid (NaNO3). This was taken as the end point of extraction. The acetone
solution was then evaporated under reduced pressure to leave a pale-yellow oil. As
all other reported syntheses of NaNT had reported the compound to be a solid, the
identity of the yellow oil was a mystery. Critical analysis of the reaction setup led us to
the belief that an aldol condensation reaction between acetone molecules had led to
the formation of the viscous oil comprised of mesityl oxide (Figure 2.2).113 Leaving the
oil exposed with a vigorous airflow passed over its surface led to evaporation of the oil
and the formation of a pale yellow crystalline solid. FTIR spectroscopy confirmed the
identity of this material as now pure NaNT.2H20 by comparison to values reported by

Klapotke et al.[®

0 0 OH
1) 2 )J\ _ M
Acetone Diacetone alcohol

Diacetone alcohol Mesityl oxide

Figure 2.2: Top: Aldol condensation of acetone to form diacetone alcohol; Bottom:

Dehydration of diacetone alcohol to form mesityl oxide

The NaNT.2H20 obtained from this extraction was then used in the attempted
formation of DBX-1. The reaction to form DBX-1 was adapted from the procedure
published by Fronabarger with small differences to reaction scale and setup. CuCl2
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was dissolved in water to form a clear, slightly turbid blue solution and placed in a
100ml borosilicate glass beaker with a Teflon coated stirred bar. The reaction solution
was then heated to 75-80 °C at which point an aqueous solution of NaNT.2H20 was
added in one portion to form a clear, green solution. This was then heated to 90 °C
before a solution of sodium ascorbate in water was added dropwise for 1.5 minutes.
The reaction was allowed to dwell at constant temperature and stirring speed for 3
minutes before addition was resumed at the same rate as before until all sodium
ascorbate was added for a total reaction time of 15 minutes. The application of the
crystallised NaNT-2H20 as the nitrotetrazolyl reagent in adaptation to the previously
published reaction regime, afforded an orange, suspended material that readily
blocked D4 sinter filter and discoloured over time in air to form an olive-green, highly
explosive powder of as yet unknown composition. FTIR analysis of this powder shows
large differences to the published data for DBX-1 and so it was apparent that the
reaction had not worked as intended.

It was hypothesised that a low NaNT.2H20 purity had been the cause of the
failure in DBX-1 synthesis and that this low purity could not be identified through FTIR
spectroscopy alone. NaNT.2H2O was further recrystallized from H20. At a
crystallization temperature of 0 °C, NaNT forms a tetrahydrate as transparent,
completely colourless, needle-shaped crystals the IR spectrum of which is closely
related to that of the previously reported NaNT-2H-0. 114

The indicative region of the IR spectra comes at 1030-1070 cm* with a shift in
two absorption bands (1035 to 1041 cm and 1058 to 1066 cm, Figure 2.3) proving
the identity of the recrystallised material as solely the tetrahydrate (Previous work in
the research group elucidated the structure and band positions of NaNT.4H20 [14).
Under vacuum and at room temperature, NaNT.4H20 readily converts into
NaNT.2H20, and then into water-free NaNT. The dehydration process can be
monitored easily in the infrared using the peak absorption cross sections atv/cm™ =
1191, 1178, 1068, 1057, 1040 (water-free NaNT), 1193, 1173, 1066 1041
(NaNT.4H20) and 1183, 1173, 1058, 1035 (NaNT.2Hz20). In a sealed vessel at room
temperature and ambient pressure, NaNT.4H20 is stable indefinitely.[*4
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Figure 2.3: Series of FTIR spectra comparing the indicative regions of
NaNT.2H20O(red) and NaNT.4H>O(black) in the range 1250-950 cm!

2.2.2 Further investigation into the synthesis of DBX-1

NO, NO,
N=— o © 1) CuCl,, 75-80 °C N== . ©
| / Na o > ’ N Cu
N;\::N 2) 90 °C, NaHAsc N‘“\“:‘N/
4H,0

Figure 2.4: Reaction to form DBX-1 using purified NaNT.4H>O

With pure NaNT.4H20 available to us, the synthesis of DBX-1 was again
attempted (Figure 2.4). The first attempt at forming DBX-1 with the now purified
NaNT.4H20 elected to forgo the incubation period of 3 minutes and instead the sodium

ascorbate solution was added at 1ml min! for a total reaction time of 9 minutes.
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Addition of NaNT.4H20 to CuClz resulted in no colour change unlike that reported by
Fronabarger and as seen by ourselves when using impure NaNT.2H20. This is most
likely due to a difference in the impurities present due to a difference in purification
method (ion exchange column vs. recrystallisation). Following this, sodium ascorbate
addition resulted in a precipitation of a solid which over the 9 minutes addition period
changed colour from dark green-yellow-bright orange. The solution proved difficult to
filter and left behind an orange filter cake which when left under air flow slowly
darkened until a dark green to black highly energetic solid was left (black solid
assumed to be CuO with nitrotetrazolate also present). Both inspection of the material
and comparison of the FTIR spectra to values reported by Fronabarger led to the
conclusion that DBX-1 had not been formed.Pl14 From this it became apparent that
stricter control of reaction conditions were needed to more closely resemble that of
Fronabarger with the incubation period during addition a possible key step that cannot
be excluded.

A second attempt at the reaction was made, more closely following that of
Fronabarger. The Fronabarger paper upon which our experiments were based is
explicit in its stating of reaction conditions (See Experimental, 2.4.2.1) and so further
experiments more rigorously followed this procedure.l® After 1.5 minutes of sodium
ascorbate addition an opaque green colour was present in the reaction vessel. During
the incubation period this gradually changed colour until we were left with a dark wine-
red coloured solution which did not change appearance during the rest of the reaction.
Subsequent filtering, washing with H20 and isopropyl alcohol and drying under
vacuum resulted in the isolation of a wine-red microcrystalline powder (Figure 2.5)
(identified as Cus(NT)2(Cl) from SCXRD, See 2.2.7 Identity of DBX-X: Structure
determination of Cus(NT)2Cl), from here referred to as DBX-X) which, when exposed
to a flame, exploded. An FTIR spectrum was recorded and compared to the values
reported for DBX-1. It became apparent from this comparison that the wine-red
compound was not DBX-1 with an indicative region of the spectrum from 1200-1000
cm showing that all peaks had seemingly shifted to lower wavenumbers than for
DBX-1(Figure 2.6).04
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Figure 2.5: Left: Photograph of DBX-X under optical microscope, Image

taken at 7x Zoom; Right: Photograph of DBX-X under normal laboratory lighting
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Figure 2.6: Series of FTIR spectra of DBX-1(Black) and DBX-X (Red) in the range

1200-1000 cmt
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The experiment was repeated multiple times with no changes to reaction set up
or stoichiometry to rule out the potential for human error having affected the reaction
output. Formation of DBX-X once again would imply that this was a consistent reaction
product and not the result of a one-time error which caused the formation of DBX-X.
The reaction vessel was cleaned only with water/acetone and mechanical agitation of
any material stuck to the sides of the vessel. Unexpectedly, and after two further
syntheses of DBX-X, a third different product formed. During the reaction, addition of
sodium ascorbate led to a much lighter coloured solid in suspension than any
previously seen. When filtered and washed as done previously a light brown,
microcrystalline powder (Figure 2.7) was obtained which did not darken over time
when exposed to air (vide supra). While inspection of the new compound implied a
different reaction product had formed the identity of the product only became clear
upon analysis of its FTIR spectrum. A comparison of the region 1200-1000 cm for
both the spectrum of DBX-X and the reported values for DBX-1 showed absorption
bands present from both compounds in the spectrum of the new product (Figure 2.8).

This showed that repeats of the experiment with no changes to reaction set up or

stoichiometry had now produced a mixed DBX-1/DBX-X powder.

Figure 2.7: Mixed product formed during second experiment (left) and its
comparison to DBX-X (Right), photograph taken under normal laboratory lighting
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With the synthesis of the mixed DBX-1/DBX-X powder showing that DBX-1
could be formed, albeit as an impure powder, following the published procedure we
elected to try and alter the experimental conditions to try and produce only DBX-1. The
first experimental alteration made was to use a sodium ascorbate solution at half the
concentration as previously used (237 mg in 2.4 ml H20) (Appendix 7.8). The effects
of the change were immediately noticeable. On addition of sodium ascorbate and
following the 3 minutes of incubation the reaction solution possessed a bright orange
colour which persisted until the end of the addition period. Following filtration and

washing as specified in earlier reactions we obtained a microcrystalline solid with a

bright orange colour which did not darken over time (Figure 2.8).

Figure 2.8: Left: DBX-1; Middle: DBX-1:DBX-X mixed product; Right: DBX-X, all

photographs taken under standard laboratory lighting

An FTIR spectrum was recorded and compared to that for DBX-X and the mixed
DBX-1/DBX-X powder. The bright orange crystalline material contains none of the
bands specific to DBX-X (Figure 2.9) and seemingly only contains those absorption
bands unique to DBX-1 confirming the identity of the sample as DBX-1. With the
crystals formed being too small for single crystal structural determination, a PXRD
diffractogram was recorded and compared to a PXRD diffractogram calculated from

the SCXRD data recorded by Fronabarger et al. [®! Comparison of the datasets shows
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that the crystalline material contains only the peaks of DBX-1(albeit with some small
shifts in peak position) and can be considered purely as one phase (Figure 2.10). This
result seemed to suggest that it had been the concentration of the sodium ascorbate
solution which had been the cause of formation of DBX-X. Repeats of this experiment
with the same concentration of sodium ascorbate solution again produced DBX-1
proving its consistency in synthesis.

With the synthesis of DBX-1 confirmed, the reaction was repeated with the
original concentration of ascorbate solution. A return to the original concentration of
reducing agent should, provided our theory was correct, once again produce only the
DBX-X product. However, when using the original concentration (237 mg of sodium
ascorbate in 1.2 ml of H20) only DBX-1 was produced. The outcome of this reaction
stood in contrast to our proposed theory and suggested that another factor was

controlling reaction product formation.
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Figure 2.9: Series of baseline-corrected, normalised FTIR spectra (range 1225-1025 cm™),
Black= DBX-X, Red= Mixed DBX-1/DBX-X powder, Green= DBX-1
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Figure 2.10: Comparison of the experimentally determined PXRD pattern of DBX-1 (red,
recorded in Sheffield) versus that calculated from single crystal data (black, from ref®)

Opinions on the identity of this factor were finalised upon careful inspection of
the paper by Ford et al.[®l This paper is the first instance of seed crystals of DBX-1
being added to the reactor vessel to ensure product formation and states that “The
amount of seed used, the dosing rate of the reducing agent and the purity of NaNT
have been identified as important factors for predicting whether a reaction will be
successful’.l!l Having purified the NaNT starting material and with dosing rate of
reducing agent being consistent throughout the experiments, the unintended presence
of seed crystals controlling reaction product formation appeared to be the most logical
answer to the changing reaction products observed. Following this conclusion, it was
identified that throughout all these reactions, the same reaction vessel had been used
between each DBX-X, mixed DBX-1/DBX-X and DBX-1 synthesis. With the vessel
only being washed between experiments with water/acetone and mechanical agitation
it was plausible to suggest that microscopic seed crystals present in the vessel were
controlling reaction outcome and so further experiments were done to determine this

effect.
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2.2.3 Determining the effect of seed crystals

With the observation that reaction vessel history seemed to be controlling product
formation, efforts were made to conduct a series of experiments with a reaction vessel
intentionally seeded with small amounts of either DBX-X or DBX-1. Between each
reaction, the reactor vessel, stirrer bar and thermometer were cleaned by immersion
in boiling 68% HNOs3 as this had proven able to destroy samples of both DBX-X and
DBX-1. After an initial clean of the reactor vessel, stirrer bar and thermometer with
HNOs, the first reaction was attempted with no intentional seeding applied. As
expected, this reaction resulted in the formation of the amorphous solid seen during
earlier attempts to form DBX-1 (Table 2.1, Trial 1). Following this, the reactor vessel,
stirrer bar and thermometer were cleaned only with H2O/acetone/mechanical agitation
and used immediately in the next reaction. This again led to the formation of an
amorphous solid that was spectroscopically distinct to either DBX-1 or DBX-X (Table
2.1, Trial 2). This seemed to confirm our suspicion that in the absence of seed crystals
neither DBX-X nor DBX-1 would form. This also suggested that the presence of the
amorphous solid does not induce DBX-X formation. However, due to the ill-defined
nature of this product it could be that multiple different compounds are present in this
material and the presence of one is key to formation of DBX-X. It is plausible that the
amorphous solid must be synthesised an unspecified number of times before either
DBX-X seed crystals build up in the material or before a certain, currently unidentified
compound has been formed which then induces bulk DBX-X formation. The reactor
vessel, stirrer bar and thermometer were then returned to a pristine state through
HNOs immersion. A third reaction (Table 2.1, Trial 3) was then performed with the
only difference experimentally being the intentional seeding of the reaction solution
with 10 mg of DBX-1. This resulted in the precipitation of microcrystalline DBX-1
(Figure 2.11) which had an FTIR spectrum identical to that of the sample used to seed
the reaction vessel. This result showed that the presence of DBX-1 seed crystals was
crucial for bulk DBX-1 production. After this result, the reaction equipment was once
again cleaned with HNO3s before the reaction was twice repeated (Table 2.1, Trials 4
and 5), with HNOs cleaning between reactions, this time with intentional seeding by
DBX-X.
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Trial | n(Cu?") /| n(NT)/ mmol | n(NaHAsc) | comment Product and
No mmol / mmol yield
1 2.39 (CuClz, 2.39 1.20 beaker treated | amorphous
16.3 ml of H20) | (NaNT-4H-0, (1.22 ml) with 65% | solid
5.2 ml) aqueous
HNOs
2 2.38 (CuClz, 2.88 1.20 Washed only | amorphous
16.1 ml of H20) | (NaNT-2H:0, (2.21 ml) with solid
5.1 ml) H20/Acetone
3 2.39 (CuClz, 2.40 1.20 Seeded with | 277 mg DBX-1,
16.4 ml of H20) | (NaNT-4H.0, (1.23 ml) 10 — 15 mg | 65%
5.2 ml) DBX-1
4 2.38 (CuCly, 2.40 1.19 Seeded with | 291 mg DBX-1,
16.4 ml of H20) | (NaNT-4H20, (1.20 ml) 10 - 15 mg | 69%
5.2 ml) DBX-X
5 2.38 (CuCly, 2.40 1.20 Seeded with | 285 mg DBX-X/
16.4 ml of H20) | (NaNT-4H.0, (1.22 ml) 10 — 15 mg | DBX-1, 67-79%
5.2 ml) DBX-X
(different
batch to
previous
seeding)
6 2.39 (CuClz, 2.39 1.20 beaker only | 258 mg DBX-1,
16.2 ml of H20) | (NaNT-4H-0, (1.23 ml) rinsed with | 61%
5.1 ml) deionized
water

Table 2.1: Results of intentionally seeding reaction vessel to induce DBX-X/ DBX-1

formation

Two different samples of DBX-X were used in the seeding process. The first reaction
resulted in the formation of only DBX-1 (identified by FTIR) and the second resulted in
the formation of a mixed DBX-1: DBX-X phase (ratios of products unknown)(Figure
2.11). There are two plausible explanations for the formation of DBX-1 from a DBX-X
seeded experiment. It could be the case that due to the presence of DBX-1 in our
laboratory, seed crystals of DBX-1 unintentionally entered the reaction system and
induced DBX-1 formation. A second explanation could be that the DBX-X used to seed
the reaction already had enough DBX-1 seeds present, formed during DBX-X
production, but not so many as to be spectroscopically observable to induce solely
DBX-1 formation. This then resulted in a competition between the seeding effects of
DBX-X and DBX-1, in which the seeding effect of DBX-1 outcompetes that of DBX-X.
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The second reaction which produced the mixed compound was seeded with a different
batch of DBX-X. It should also be noted that the batch used was formed one reaction
prior to the first recorded synthesis of the mixed DBX-1/DBX-X powder. The fact that
this DBX-X then seeded for a mixed phase product seems to suggest that this DBX-X
sample had enough DBX-1 seed crystals present to partially seed for DBX-1
production but not fully convert the system. These results imply that DBX-1 is formed
alongside bulk DBX-X formation, albeit in very small quantities. Differences in the
composition of DBX-X can then result in formation of either DBX-X or a DBX-X/DBX-
1 mixed phase, if the number of DBX-1 seed crystals is small, or can result in formation
of DBX-1 provided it has a comparably high number of DBX-1 seeds. The lower limit
of seed crystal amount required for successful seeding of DBX-1 is currently unknown.

One final experiment was done to determine the effects of seeding (Table 2.1,
Trial 6). A pristine reactor, stirrer bar and thermometer were taken and 10 mg of the
previously produced mixed phase solid was added. The experiment was then
performed with no other changes. This resulted in the formation of only DBX-1 (Figure
2.11) and was free of any DBX-X when assessed using FTIR. This seemed to show
that when a comparable amount of DBX-1 and DBX-X are present the reaction will
only produce DBX-1 potentially due to the greater ability of DBX-1 to seed for itself in

a reaction system

Pure d X \ 3 Pure
DBX-1 Trial 3 Trial 4 Trial 5 Trial 6 DBX-X

Figure 2.11: Comparison of the products of seeding experiments, photographs

taken under normal laboratory lighting
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2.2.4 Selective formation of DBX-X

With the seeding experiments proving that DBX-1 can be consistently synthesised with
strict control of reactor vessel and reagent purity, attention turned to production of
DBX-X. As the reaction system seemingly will eventually result in DBX-1 production,
assuming that small amounts of DBX-1 are formed alongside bulk DBX-X formation,
we investigated whether the reaction can be forced into production of only DBX-X. The
first attempt at selective formation of DBX-X was attempted solely with changes to the
stoichiometric ratio of the products to ensure a 3: 2 Cu : NT ratio (Table 2.2, Trial 1).
These changes seemed to only result in the production of the familiar amorphous solid
that did not contain appreciable amounts of DBX-X or DBX-1. The vessel was then
washed only with H20 / acetone / mechanical agitation and intentionally seeded with
a sample of DBX-X before the reaction was repeated with the now altered reactant
ratios (Table 2.2, Trial 2). This resulted in the formation of once again the amorphous
material however inspection of the reaction vessel showed a small amount, but more
than that which was used to seed the reaction, of wine-red material stuck to the sides
of the vessel. Taking this vessel, washing only with H20O and repeating the reaction
with the original stoichiometry of reagents resulted in the production of more wine-red
material (Table 2.2, Trial 3) (~64 mg) alongside production of the amorphous material.
FTIR spectroscopy confirmed its identity as DBX-X thus proving that while DBX-X can
be selectively seeded for, the process was less efficient than the easier seeding for
DBX-1 formation. It is currently unclear as to why using the original stoichiometry of
reagents resulted in more DBX-X production than using the altered stoichiometry.
Repeated reactions with this system would still be expected to eventually produce
enough seed crystals of DBX-1 to outcompete DBX-X seed crystals and once again
only produce DBX-1. From these reactions it became apparent that while it was
possible to selectively form DBX-X instead of DBX-1, its non-facile synthesis

potentially makes DBX-X an inferior alternative to DBX-1.
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Trial | Conditions | R1 \' R2 |v R3 \' Product Yield/
No. %
1 a CuClz |1.00 |d 0.6 | NaH-Asc | 0.50 | amorphous -
7 air sensitive
solid
2 b CuClz |1.00 |d 0.6 | NaH-Asc | 0.50 | amorphous -
7 solid; red
material
deposited on
vessel walls
3 c CuClz |1.00 |d 1.0 | NaH-Asc | 0.50 | amorphous 15
0 solid; 64 mg
dark red
material
deposited on
vessel walls

Table 2.2: Results of trials to intentionally form DBX-X, v denotes stoichiometric
coefficient, R=Reagent, a= vessel and stir bar rinsed with water and mechanically
cleaned with cellulose paper, b= seeded with 10 to 15 mg CuzCI(N4CNO2),, c= beaker
only rinsed with deionized water, d= NaNT(H20)4

2.2.5 Factors influencing the outcome of the reduction reaction

Using the results from both the initial investigation into DBX-1 synthesis along with the
results obtained from intention control of the reaction vessel's seeding, the following
conclusions can be drawn:

1. Application of crystallised NaNT.2H20 without further purification as the
nitrotetrazolate transfer reagent leads to the formation of powders that are neither
DBX-X nor DBX-1 - an outcome attributed previously to the presence of trace-
impurities that act in a catalytic mechanism inhibitive of the formation of either DBX-X
or DBX-1. Within the conditions investigated by us, formation of either DBX-X or DBX-
1 requires the use of purified NaNT in the form of NaNT.4H20

2. Provided seeding is in place, changing the concentration of the reductant

solution has no significant effect on the course of the reduction
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3. Using pure starting material and solvent, the outcome of the reduction reaction
depends on the state of the reactor and the presence or absence of microscopic seed
crystals

4, The formation of the desired product requires the presence of the appropriate
seed crystals, which induce the crystallisation of DBX-X and DBX-1, respectively

5. DBX-X is kinetically preferred (barrier to final substitution of ClI- large enough to
prevent reaction prior to precipitation); forms when enough seed crystals are available;
it is the first well-defined phase that forms spontaneously in a pristine reactor that has
been repeatedly exposed to the reaction conditions

6. The formation of DBX-X requires the absence of large or even low quantities of
seed crystals of DBX-1, the lower limit of DBX-1 contamination which still results in
bulk DBX-X formation is unknown

7. DBX-1 is thermodynamically preferred (formation of stronger Cu(l)-Ntetrazole
bond over Cu(l)-Cl bond); forms exclusively when enough seed crystals are available
(on reactor walls, stir bar etc.). If seed crystals of both products are present then the
majority product will be DBX-1

8. DBX-X seeds less effectively than DBX-1 seed crystal

9. Hot nitric acid destroys all seed crystals, returning the reactor to a pristine state

in which no well-defined copper nitrotetrazolate forms.

2.2.6 Hypothesised reaction scheme for DBX-1 formation

With the effects of seeding established by the control experiments conducted, the
reaction to form DBX-1 appears much more complex than first thought. It can be
concluded that when using reactants of the purity used during this research project,
DBX-1 is not the first well defined micro crystalline compound formed. Instead, it is the
final product produced after at least two other products are synthesised and have left
their seed crystals on the reactor vessel. At first, an untainted vessel using pure
reactants will produce only an amorphous solid. Following this and using the same
reactor vessel, treated with only water/acetone/mechanical agitation, DBX-X will form.
As seeding with amorphous material to intentionally form DBX-X has not been tested
it is currently unknown how many times the amorphous material must be formed

before DBX-X starts to be produced. It is also impossible to currently state whether
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DBX-X formation is seeded by microscopic (and spectroscopically invisible amounts)
amounts of DBX-X formed alongside the amorphous material or if the amorphous
material itself is stimulating DBX-X production, potentially by the formation of
nucleation sites.? Alongside bulk DBX-X formation, spectroscopically invisible
amounts of DBX-1 are also formed. Following this, DBX-X will continue to form until a
point at which, enough DBX-1 seed crystals have formed to reach a tipping point, at
which point seed crystals of each compound compete and lead to the production of a
mixed phase DBX-1:DBX-X mixture with the ratios of each product currently unknown.
Once formed, any subsequent reaction using the same reaction vessel, provided it is
not cleaned with nitric acid, will only produce DBX-1 and the seed crystals outcompete
those of DBX-X. It is also possible to not produce a mixed phase and instead form
DBX-1 straight away after DBX-X formation provided enough seed crystals have
formed during DBX-X formation.

What currently cannot be said however, is whether this reaction is common to
all DBX-1 syntheses or if this phenomenon is unique to the work detailed in this thesis.
With starting material purity having been shown to have a large effect on the reaction
outcome, it is plausible to suggest that small differences in the respective purities of
the NaNT.4H20 used in our syntheses and the NaNT.2H20 used by various other
research groups could have led to differing reaction pathways. The presence of
spectroscopically invisible amounts of unknown impurities in either our or other groups
starting materials could have many possible effects such as serving as nucleation sites
or as catalysts for certain reaction pathways to occur all of which could allow for the

reaction pathway discussed here or for different ones found by other research groups.

2.2.7 Structure determination of Cus(NT)2Cl

The identity of DBX-X was discovered using single crystal X-ray diffraction (SCXRD).
SCXRD measurements were performed using selected crystals from one batch of
DBX-X. The small crystal size required a high-flux rotating anode as X-ray source. The
rotating anode allows for better heat dissipation than with a standard anode and thus
allows higher flux which leads to better resolution of the diffraction pattern. Crystalline
DBX-X is composed of copper, chlorine and 5-nitrotetrazolato moieties which are
distributed over three, one and two unique crystallographic sites in the stoichiometric
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ratio of 3 : 1 : 2, respectively. These proportions, in combination with the measured
magnetic properties, imply that copper is exclusively present in the oxidation state +1
forming the compound CusCI(NT)2.

Figure 2.12: Projections of the thermal ellipsoids in the molecular structure of the crystals of DBX-

X (set at the 67% probability level) showing the unit cell (top down 1, 1, -1 axis)

The compound presents as an infinitely extending, 3D coordination polymer built
around the bonding interactions between Cu, ClI, ring nitrogen of nitrotetrazolate and
a weak interaction between Cu and oxygen of the nitro group of nitrotetrazolate
(Figure 2.12). Copper is coordinated in three chemically distinct distorted tetrahedral
environments to at least one chloro- and up to three nitrotetrazolato ligands, forming
Cu(K(Na)-NT)(K(Ng)-NT)Cl2, Cu(k(Na)-NT)(k(Np)-NT)2Cl and Cu(k(Na)-NT)2(k(Ng)-
NT)CI that constitute a mixed-ligand coordination polymer. The nitrotetrazolate anion
is present in the unit cell in two crystallographically independent sites. Differently to
NaNT.4H20 and DBX-1, all ring-nitrogen atoms are engaged in the coordination
network involving p4(Na,No’,Ng,Ng’)-NT bridges. As in DBX-1, the coordinative Cu-
Na/No bonds are slightly shorter (1.968(7)-2.027(7) A) than those involving Ng/Ng’ ring-
atoms (1.996(7)-2.100(7) A). This is explained by the resonance forms of the

nitrotetrazolate anion.
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Figure 2.13: Resonance forms of nitrotetrazolate anions

Nitrotetrazole is comprised of five different resonance forms, in two of these (Figure
2.13) the negative charge sits on the No/Nd’ ring nitrogen atoms and in another two
(Figure 2.13) the negative charge is situated on the Np/Ng' ring nitrogen. The
thermodynamically favoured resonance forms are those with the negative charge
situated on the No/Nd’ nitrogen which explains the shorter Cu-N bond length as a
greater relative charge density sits on the No/Nd’ resulting in stronger attraction to the
Cu(l) centre. Chloride is present in only one crystallographically independent site with

each chloride making four bonds to copper atoms (Figure 2.14).
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Figure 2.14: Projections of the thermal ellipsoids in the molecular structure of the crystals of DBX-X

(set at the 67% probability level) showing the coordination of copper to the tetrazolato ligands (A and
B), primary coordination sphere of copper (Cu(1), C; Cu(2), D; Cu(3), E), and chlorine (F); Atom Colours:
Red = Oxygen, Blue = Nitrogen, Grey = Carbon, Orange = Copper, Green = Chlorine, selected bond
lengths:Cu3—-N7 2.027(8), Cu3-N6 2.065(7), Cu3—N9 2.039(7), Cu2—-CI1 2.561(3), Cu2—-N4 2.028(7),
Cu2-N2 2.067(7), Cu2—-N5 1.996(7), Cul-CI1 2.245(2), Cul-CI1 2.622(3), Cul-N3 2.100(7), Cul-N1
1.968(7), Cl1-Cu3 2.371(2), Cl1-Cu2 2.561(3), CI1-Cul 2.622(3), N3—Cul 2.101(7), N2—Cu2 2.067(7),

N6-Cu3 2.065(7), N9—Cu3 2.039(7)
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All analogous bond lengths between DBX-X and DBX-1 are close in value with the
only major difference being that the shortest Cu---O contact in DBX-X (2.836 A) is
somewhat longer than that found in DBX-1 (2.745 A) (Table 2.3). Similar to the finding
made in the structures of NaNT.2H20 and NaNT.4H20,4 the different coordination
environments have only negligible effects on the molecular structure of the N4C-NO2
ligand, as neither the presence of CI~ (DBX-X vs. DBX-1) nor the replacement of
Na(H20)*" by Cu* (NaNT.4H20 vs. DBX-X) change its internal bond lengths and
angles in any significant way. The X-ray powder diffractogram predicted from the
single crystal data is consistent with all those diffractograms obtained from direct
measurement of the crystalline material produced during the synthesis of DBX-X
(Figure 2.15).

Bond Bond lengths of | Bond lengths of | Bond lengths of
NaNT.4H20, A | DBX-X, A DBX-1,51 A
M-N1 - 1.968(7)-2.039(7) | 1.924-2.026
M-N2 2.576(13) 1.996(7)-2.100(7) | 1.981-2.139
M-ClI - 2.245(2)-2.622(2) | -
M:+-M 3.505(1) 3.104(2) 3.467
C-NO2 1.447(4) 1.434(12), 1.447, 1.448
1.457(11)
N-O 1.221(8), 1.231(7) | 1.205(10)- 1.216-1.227
1.224(10)
C-N 1.322(3), 1.338(3) | 1.289(11)- 1.320-1.333
1.340(12)
N1-N2 1.340(10), 1.337(10)- 1.331-1.355
1.341(14) 1.358(10)
N2-N2 1.347(12) 1.339(10), 1.317, 1.325
1.344(10)

Table 2.3: Comparison of the key bond lengths of NaNT.4H-O4, DBX-X and Bond
lengths of DBX-1[!
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Figure 2.15: Comparison of a simulated powder X-ray diffractogram of DBX-X based
on the single crystal structure solution (red) with that obtained from measurement
(blue)

2.2.8 DBX-X versus DBX-1: Detonation performance parameter comparison for

determination of eligibility as lead free initiators

With the conditions affecting reaction outcome determined, it was important to

evaluate and compare key properties of DBX-X with those of DBX-1 and Pb(N3)2.

2.2.8.1 Thermal Behaviour and impact sensitiveness

A comparison of data originating from different research groups (laboratories) needs
to take account of variations in the experimental conditions and parameters. These
consist of varying sample mass (i), the type of sample container (ii), the instrument
response characteristics (iii) and the calibration methods (iv) to name the most
prominent one. Because of this, the thermoanalysis of DBX-1 was repeated (see ref.

5 for the original data) using freshly made material on the Sheffield DSC calorimeter
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(see General experimental methods and instrumentation for instrument

characteristics and analytical details).
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Figure 2.16: DSC calorigram for DBX-1 (exothermic events show as an increase of heat

flow).

Purity and identity of the analyte material was ascertained by a combination of IR
spectroscopy and powder X-ray crystallography, which returned data fully consistent
with the literature.l®l'4] The DSC trace of a sample of this batch of DBX-1 is shown in
Fig. 2.16. It displays an exothermic peak with an extrapolated onset temperature and
peak temperature of DBX-1 at 294.0 °C and 305.6 °C, respectively; NB: the onset
temperature defined as the intersection point of the extrapolated baseline and the
inflectional tangent of the decomposition peak; the peak temperature is defined as the
temperature reached at maximum heat flow. The calorigram (DSC trace) shows no
other peak at lower temperature. The lack of additional thermal effects allows the
conclusion that i) the exotherm at 294.0 °C is caused by the controlled slow

decomposition of DBX-1, and ii) that the material does not undergo any phase
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changes prior to its decomposition. These conclusions are contingent on the method
of sample encapsulation and the heating rate (3 K min-t). Therefore, the decomposing
phase is the same as that present at room temperature. Fronabarger observed an
onset and peak (maximum) temperature of 329.8 °C and 337.7 °C, respectively, using
the much increased heating rate of 20 K mint. These temperatures are much higher
than those obtained at Sheffield. It is important to consider that Fronabarger et al.
encapsulated their samples in sealed aluminium containers.®! In the theory of thermal
analysis it is stated that, all other parameters being identical (material morphology and
purity, confinement) and using an ideal calorimeter, the onset temperature of a given
thermal (calorimetric) effect is independent of both sample mass and heating rate. If
potential systematic errors caused by deviating detector response functions are
excluded, the deviation in the measured thermal characteristics (lower temperature of
decomposition obtained at Sheffield) must be caused by either an undetected impurity
catalysing the decomposition of the copper(l) nitrotetrazolate, or an autocatalytic
process that induced thermal decomposition which leads to an earlier onset when
lower heating rates are applied. It should also be considered that the pressure inside
the stainless-steel capsule (Sheffield) will be much higher than in the aluminium
capsule which will expand when gas production occurs. Increased pressure may
accelerate decomposition reactions.

The calorigram of DBX-X (see Fig. 2.17) was obtained under identical
conditions to that of DBX-1 and indicates a similar decomposition pattern consisting
of a single exothermic peak which is interpreted in terms of a thermally induced
decomposition that produces heat. Once again, the lack of any thermal effects below
this temperature (other than the slowly decreasing apparent heat capacity of the
sample-container assembly — a linearly rising base line) suggests that the compound
undergoes decomposition without any prior phase change.

The onset and peak temperatures of thermally induced decomposition of DBX-
X were found to be 273.2 °C and 282.8 °C, respectively. It is important to note the
increased broadness of the exothermic peak of DBX-X compared to that of DBX-1.
The appearance of a shoulder to the peak implies a more complex decomposition
process than that operating in DBX-1.
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Figure 2.17: DSC calorigram for DBX-X (exothermic events show as an increase of heat
flow).

Under identical conditions, the onset of decomposition of DBX-X occurs at a
temperature which is approximately 20 K below that of DBX-1 (Sheffield).
Furthermore, DBX-X has a specific heat of decomposition (1201 J g~1) which is 38%
lower than that of DBX-1 (1653 J g~1), a molar heat of decomposition (based on Cu)
that is only two thirds as large as that found for DBX-1 (DBX-X: 181.8 kJ mol™, DBX-
1: 293.6 kJ mol™), and an energy density of the crystals that is 19% below that of
DBX-1 (DBX-X: 3.5 kJ cm™3, DBX-1: 4.3 kJ cm™). The ratio of molar heats of
decomposition can thus be closely estimated by the ratio of stoichiometric proportions
of copper and nitrotetrazolato groups in both compounds, (DBX-1,1:1)/(DBX-X, 3:2)
= 0.67 (theory) vs. 0.62 (observed).
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Figure 2.18: Graph of results of drop-weight testing for DBX-1 (Blue) and DBX-X
(Red)

Preliminary drop weight testing reveals that the microcrystals of DBX-X have
significantly higher impact sensitiveness than those of DBX-1 (Figure 2.18). The
impact sensitiveness (IS) is determined as the energy (Eso) at which 50% of the
impacted samples react (initiate). The Eso value is interpolated from the data points
using a Weibull function, E = a - (a - b)exp(-(k x)9). The measurement resulted in the
values 1.8 (x 0.2) J for DBX-X vs. 4.3 (£ 0.3) J for DBX-1. For comparison, Pb(N3)2
has IS values in the range 2.5 — 4.0 J. The variation of Pb(Ns)2 sensitiveness is
influenced by formulation changes, i.e. reaction conditions, additives, morphology,
crystal size distribution etc. In conclusion, DBX-X can be regarded as having high
impact sensitiveness with an Eso that exceeds that typically found for Pb(Nz)2 (Table
2.4)

The increased sensitiveness towards impact of DBX-X compared to DBX-1 can be
explained via two different explanations: a) crystals of DBX-X are more likely to form
hot spots (See Introduction, 1.1 Ignition, hot spots and phonon mode up-
pumping) resulting in more thermal events that can be up-pumped to bond breaking
molecular vibrations resulting in a greater chance of detonation propagation or b) the

presence of CI in the crystal results in a higher vibrational energy up-conversion
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efficiency, which again leads to a higher chance of thermal events leading to bond
breaking and thus a greater chance of detonation propagation. Further
experimentation is required to verify the cause of the increased sensitiveness of DBX-
X.

CuzCI(N4C-NOz)2 | Cu(N4C-NO,) | a-Pb(N3)2
(DBX-X) (DBX-1) (lead azide)
Taec® / °C 2742 2932 313°
AHexo/ (kJ mol™) 546 ° 294 ¢ 4439
AHexo / (kI g7 1.20% 1.652 1.52¢
AHexo / (kJ cm™) 35° 43" 7.27
Eso / J (impact) 1.8(+0.2) 9 4.3(+0.3) ¢ 25-4.0"
Perystai(cale.) / (g cm™3) | 2,939 2.584) 4,763
M / (g mol™%) 454.18 177.59 291.24

Table 2.4: Comparison of key energetic material parameters of DBX-X, DBX-1 and Lead
azide. ®obtained by DSC, heating rate 3 K min™; °ref'>; “AHexo / (kJ mol™ ) = [AHexo / (kJ g7
) X [M /(g mol™)]; Uref'®; ®AHexo / (kJ g ) = [AHexo / (kI mol™ )]/ [M/ (g mol™)], ref'”; "AHexo
/ (k3 cm™ ) = [AHexo / (kI mol™ )]/ [M / (g mol™ )] x [ocrystar / (g cm™)]; values obtained from
material as synthesised without further processing, apparatus used for testing DBX-X and
DBX-1 is different to those used for LA; "ref *;'ref ', Jref 5; kusing a = 6.63, b = 16.25, ¢ =
11.31 A, Z = 12 given in ref'®

As energetic materials, it is essential to estimate the performance parameters of these
compounds. The outcome of such an evaluation has profound influence on the
classification and potential application. Two commonly used concepts are the
Chapman Jouguet detonation velocities (Dcs) and detonation pressures (pci). To
calculate these for DBX-1 and DBX-X, the heat of formation (AHf) and the loading
density (r) are required. In these calculations, the crystal density (p) is used as the
upper limit for the loading density, hence the calculated Dcy and pcs values must be
regarded as upper limits, too. The crystallographically determined density of DBX-X is
significantly higher than that of DBX-1 (2.939 g cm=3vs. 2.584 g cm™3) and also slightly
greater than what can be predicted from the densities of DBX-1 and CuCl (2.817 ¢

cm™3). This suggests that the packing in DBX-X is more efficient than in a simple mixed
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crystal with the 2 : 1 stoichiometry of Cu(N4C-NOz2) and CuClI. A similar argument can
be made using the spatial demand of the Cu(N4CNO2) moiety. Using the published
values for the density of DBX-1, an effective volume of the Cu(N4C-NO2) moiety can
be calculated. The effective volume of Cu(N4C-NO2) in DBX-1 is found to be 114.1
A3. Calculating the effective volume of DBX-X in the same manner and subtracting the
value found for Cu(N4C-NO2) shows that the volume available for Cu and Cl in DBX-
X would only be 28.4 A3, which is much less than what is available in CuCl crystals
(58.35 A3, calculated from the density of CuCl). As the crystal density is the limiting
density in explosive formulations, the higher density of DBX-X could potentially lead
to higher detonation pressures and velocities than that which could be found in DBX-
1 based formulations.

Heats of formation (AHf) can be determined experimentally by way of bomb
calorimetry and has been done so for DBX-1 by Fronabarger et al. with a recorded
heat of formation of -49.9 kJ mol. Without access to a bomb calorimeter, one can
make reasonable estimations of the heat of formation by using specific heats of
decomposition as determined by DSC. If decomposition products are assumed to be
the same as the detonation products, and by using the heats of formation of these
products at the onset temperature of thermal decomposition, one can apply Hess'’s
Law to estimate the heat of formation of novel explosives without accurate bomb
calorimetry measurements. With estimations of AHi(explosive), and assuming the crystal
density to be the limiting density, detonation velocities and pressures can be
calculated. The accuracy of this estimation depends on the accuracy of the DSC
measured enthalpy of decomposition (AHd) and the method of assigning detonation
products. Multiple different rulesets exist to assign detonation products including
Kistiakowsky-Wilson Rules, Modified Kistiakowsky-Wilson Rules, Springall Roberts
Rules and by use of the NASA chemical equilibrium code CEA. NASA CEA is a
reactionless computer code that minimizes free energies using a Newton Raphson
method with ideal gases and pure condensed phases to determine chemical equilibria
(such as those found at high temperature in detonations) at defined temperatures.
Values for AHzexplosive) for DBX-1 were calculated using the different sets of detonation
products and AHq recorded for a sample of DBX-1 synthesised in Sheffield. The value
for AHzexplosive) Was then compared to that recorded via bomb calorimetry to determine
which method of assigning detonation products gave the most accurate value for
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AHiexplosive). Values for heats of formation at 290 °C of detonation products were used

in the calculations. The methods of detonation product assignment are generally used

for CHNO compounds only. Therefore, generally accepted rules regarding the

treatment of metals do not exist. In this thesis the problem of the detonation products

of DBX-1 is treated in two ways: a) assuming that only metallic Cu is formed (as shown

in the work of Zhang!?4), b) assuming that Cu20 is formed. Within CEA, however, a

method of assigning detonation products exists allowing for a much more accurate

estimation of AHisexpiosivey cOmpared to the other methods of detonation product
treatment (Table 2.5).

Method of Det. | Detonation AHiproductsy)  KJ | AHsexpiosivey kI | %
Prod Products mol mol* Difference
Assignment from Bomb.
Cal derived
value
KW Rules(Cu) | Cu + CO2 + 2.5 -361.5 -67.9 +36.1
N2
SR Rules(Cu) |[Cu+ CO2 +2.5]|-361.5 -67.9 +36.1
N2
KW(Cu20) 0.5Cu20 +1-307.0 -13.4 -73.2
0.5CO2 +
0.5CO + 0.5N2
SR (Cuz20) 0.5Cu20 +|-321.7 -28.1 -43.7
0.583CO0Oz2 +
0.33CO +
0.083C + 2.5Nz2
CEA 0.5Cu20 +]-351.1 -57.5 +15.3%
0.75CO2 +
0.25C + 2.5Nz2

Table 2.5: Comparison of the detonation products predicted via different methodology

and the AHfepiosive associated to these products
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Using CEA for the estimation of heat of formation from DSC calorigrams for
DBX-1 gives an error in AHgexplosive) Of -7.55 kJ molt. The estimates of Q, D and P can
be compared to those calculated from experimentally determined values for DBX-1 in
order to assess the accuracy of this method. As a result, Q, D and P values were found
to be within 2.75%, 0.63% and 1.26% of the values calculated using the bomb
calorimetrically determined heat of formation. Using these results, we calculated
AHiexplosive), heat of explosion(Q), Chapman Jouguet detonation velocities (Dcs) and
detonation pressures (Pcj) values for DBX-X to compare to those values known for
DBX-1.

Compound | AHgexpiosivey/ | p/ g cm3 Q/Jgt Dci/ km s° | Pci/ kbar
kJ mol* L

DBX-1 -49.9 2.584 1696.7 6.341 219.97

Estimated p/ g cm3 Q/Jgt Dcis/ km s™ | Pca/ kbar

AHtexplosive) 1

kJ molt
DBX-1 -57.5 2.584 1654.2 6.301 217.19
DBX-X -197.2 2.939 1199.1 5.944 204.42

Table 2.6: Comparison of the values for Q, D and P calculated for DBX-1 and DBX-X
from estimated AHiexpiosivey and the comparison of these values to those known for
DBX-1 from Bomb calorimetry, loading density p assumed to be the same as the

crystal density therefore the calculated values of can be seen as an upper limit

Applying this method to DBX-X shows that DBX-X decomposes in a more exothermic
process (AHexplosive)) per Cu compared to DBX-1 (Table 2.6). Using the estimated
AHiexplosive) and the crystal density values for Q, D and P could be calculated. This
results in reduced Q, D and P values compared to DBX-1 but all values are above the
minimum thresholds associated with primary explosives. Clearly the increased density
of DBX-X does not result in increased D and P due to the increased exothermicity of
AHs because of the loss of 1/3 nitrotetrazolate in favour of chloride. This contradicts

our previous published findings ' in which DBX-X was predicted to have higher
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Chapman Jouguet detonation velocities (Dcs) and detonation pressures (Pcj). This is
due to a reassessment of the likely detonation products and the use of CEA in

determining these.

2.2.8.2 Stability of DBX-1 and DBX-X

Stability towards atmospheric moisture is a crucial characteristic of any prospective
lead-free initiator (See Introduction, Replacements for lead-based primary
explosives). The stability of DBX-1, DBX-X and a DBX-1 / DBX-X mixed phase (1 : 1
mass fractions) were tested in lab air. For this purpose, samples of each compound
were kept in open vials and the solids monitored by IR spectroscopically as nujol mulls.
The state of the samples after 21 days exposure time is shown in Fig. 2.19 (DBX-1),
Fig. 2.20 (DBX-X) and Fig. 2.21 (DBX-1 / DBX-X mixed phase). In all three layered
FTIR spectra the number of peaks and the peak positions remain unchanged.
Apparent changes in the spectra of DBX-1 and DBX-X, most noticeable in the region
3000-1600 cm, are the result of the Christiansen effect due to the poorer grinding of
the microcrystalline materials in the process of sample preparation. With poor grinding,
large particles are present in the suspension being investigated. The Christiansen
effect occurs when a suspension of particles in a transparent medium (in this instance
nujol) is observed at a wavelength where the refractive indices of the particles and of
the medium are equal, thus producing an optically homogeneous medium.[?223] The
Christiansen effect is the increase of the crystalline powder transmittance at those
wavelengths where the sample and medium refractive indices are equal. This results
in the formation of Christiansen peaks, regions of high transmittance, which can most
commonly be seen either side of adsorption bands. While equal refractive index of
both particles and medium can occur at adsorption band maxima, the observation of
this effect is quite difficult. This effect is minimized by grinding of particles to below 2
um but can never be completely eliminated.?4I[?5] All apparent changes in the FTIR
spectra can be explained by the appearance of Christiansen peaks as a result of poor
sample preparation. Furthermore, visual and physical inspection of the samples
revealed no changes to either colour or sample crystallinity. Both DBX-X and DBX-1

can therefore be said to be stable for prolonged periods when exposed to air.
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In order to test stability when immersed in water, standard glass vials were
charged with samples of DBX-1, DBX-X and a 50 : 50 DBX-1 / DBX-X mixture under
deionised water and the setup left unsealed over the course of 2 months. Additional
deionised water was added whenever the samples neared dryness. Within 21 days
decomposition was already visible in both DBX-X and the mixed sample. This
decomposition is revealed by the slight blue colouration of the aqueous phase over
DBX-X. The decomposition of the mixed phase presented with the same blue
colouration, which, upon evaporation, deposited a ring of blue material. After 61 days,
DBX-X appears to have fully decomposed and left behind a material that contains
neither DBX-X nor DBX-1 (according to a visual inspection, the characteristic dark
wine-red colour had vanished and a yellow-brown voluminous new solid phase had
formed, Figure 2.22).

] A ] ] A ] ] ]
/1
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Figure 2.19: Comparison of IR spectra of DBX-1 before (black) and after (red) stability

testing in air.
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Figure 2.20: Series of baseline corrected IR spectra of DBX-X before (blue) and after
(red) stability testing in air.
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Figure 2.21: Series of IR spectra of a mixed DBX-1 / DBX-X phase before (black) and
after (red) stability testing in air.
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DBX-X:DBX-1

Figure 2.22: Top: State of samples after 21 days under water; Bottom: State of samples

after 61 days under water
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Figure 2.23: Series of FTIR spectra of pure DBX-X (red)(spectrum is baseline
corrected) and the brown product following discolouration of DBX-X (black)
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Accordingly, IR spectra before and after the 61 days clearly show the hydrolysis of
DBX-X (Figure 2.23). Shifts in the peak positions of the absorption bands relating to
the nitrotetrazolate anion can be identified throughout the spectral region 1600-500
cm?, with the indicative region of 1100-1000 cm™ completely changed post
decomposition. Multiple new absorption bands can also be seen, most prominently in
the region 1125-500 cm™®. The appearance of intense absorption from
3700-3300 cm* points towards water coordinating to the copper, possibly as a result
of forming basic copper carbonate (Cu2CO3(OH)2), a compound with a characteristic
blue colouration.

After 61 days the mixed phase, too, appeared to show decomposition. The
brown solid obtained after DBX-X decomposition was present alongside DBX-1 and
the same blue solid as before which was assumed to be basic copper carbonate,
forming as a result of CO2 from the air dissolving in the aqueous solution. While full
decomposition of DBX-X seems to have occurred it does appear that less of the brown
solid and more basic copper carbonate has formed. The reason for this is unclear as
it is not known whether the DBX-X present in the mixed phase decomposes solely due
to contact with water or whether the presence of DBX-1 in the mixture promotes a
different decomposition pathway.

Intriguingly, under the same conditions, pure DBX-1 did not show any visible
decomposition. IR spectra recorded before and after the water exposure were identical
except for the previously mentioned Christiansen effect which depends on the crystal
size. 2225 The difference in water stability of the two compounds can be rationalised
by the presence of chlorine in DBX-X, which is tentatively suggested to promote the
hydrolysis of Cu compounds in a similar manner to that seen in copper(l) chloride in
water. With Cu(l) being a soft acid de-coordination of the hard CI- could occur more
easily than for the softer nitrotetrazolate. This open coordination site could allow for
oxidation of Cu(l) by dissolved O2 leading to the formation of Cu(ll) and the higher
water instability of DBX-X vs DBX-1.12% If the CI- could be substituted for a different
ligand, potentially an explosophore with a stronger binding affinity for Cu(l), a novel
compound could be formed which reduces the likelihood of hydrolysis occurring.

Overall, while both DBX-X and DBX-1 share similarities in their respective properties,
there are key differences which would exclude DBX-X from being viewed as either a
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DBX-1 alternative or as a prospective LFI. DBX-X possess good thermal stability, a
high impact sensitiveness but not so high as to prevent safe handling and has a crystal
density higher than that of DBX-1. However, the apparent lack of stability in water
compared to DBX-1 does show that the long-term storability of DBX-X could potentially
be an issue (though DBX-X does appear to be stable for long periods of time with
regard to atmospheric moisture). DBX-X also possesses a lower enthalpy of
decomposition which results in lower detonation performance parameters than for
DBX-1. Questions also remain over the feasibility of preventing DBX-1 formation when
one is aiming solely for DBX-X production, casting doubts over the potential
manufacture of DBX-X on a large scale. These issues all suggest that DBX-X cannot

be considered a viable DBX-1 alternative or prospective LFI.
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2.3 Conclusion

The use of NaNT.2H20, purified only through Soxhlet extraction, in the Cu(l) reduction
reaction to form DBX-1 only results in the formation of an amorphous solid which is
unstable in air. NaNT.2H20 was purified by recrystallization in water at 0 °C to form
NaNT.4H20. When using this solid in the reduction reaction of copper(ll) chloride, a
wine-red chlorine-containing copper nitrotetrazolate, CusCI(N4C-NO2)2, was
discovered. This result indicates that the seemingly simple synthesis of DBX-1
produces a number of well-defined energetic materials. The formation of CusCI(N4C-
NOz2)2 shows that mixed-ligand coordination frameworks are possible and lends weight
to the notion that more efficient lead-free primary initiators are potentially accessible
in which ClI is replaced by a different, potentially explosophoric group with the aim to
reduce sensitivity toward water, and to tune sensitiveness toward shock, friction and
temperature. The selectivity of the CuCl2 — sodium ascorbate — explosophoric group-
transfer reduction reaction can be controlled by the action of seed crystals and this
can be exploited to direct the reaction pathway towards formation of DBX-1. The
crystals of CusCI(N4C-NO2)2 consist of an elaborate void-less coordination network
with a density exceeding that of DBX-1. It has higher friction and impact sensitiveness
than either DBX-1 (Cu(N4C-NO2)) or lead azide and decomposes violently upon rapid
heating or shock. CusCI (N4C-NOz2)2 is a powerful explosive but has lower energetic
parameters than DBX-1. Even though stable in air indefinitely, CusCI(N4C-NO2)2
decomposes under water within weeks. Due to this, its lower decomposition
temperature, and its lower detonation performance parameters CusCI(N4C-NOz2)2

cannot be considered as a viable alternative to DBX-1 or Pb(Ns).
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2.4 Experimental
2.4.1 Synthesis of Sodium nitrotetrazolate dihydrate, NaNT.4H20

To a 100 ml plastic beaker, sodium nitrite (6.906 g, 100 mmol) and copper sulphate
(2.324 g, 14.6 mmol) were added before 33.1 ml of H2O was added. The solids
dissolved to form a dark green solution. The solution was cooled to 12 °C with the use
of an ice bath. To a separate vessel, aminotetrazole monohydrate (3.245 g, 33.2
mmol) and copper sulphate (0.046 g, 0.266 mmol) were added along with 20 ml| of
H20 and 3 ml of 68% of HNOs. This formed a light blue-white suspension (solution is
light blue, solid in suspension is white) which was stirred for 10-15 minutes but no
further dissolution occurred. This suspension was added to the dark green sodium
nitrite-copper sulphate solution via addition in portions with care paid to maintaining
temperature below 15 °C (note that temperatures as high as 18 °C have been
observed with no difference in product purity). Immediately on addition, bubbling can
be observed (indicative of N2 gas formation). Continued addition results in the bubbling
continuing to increase which results in large amounts of foam formation. Stirring
(reaction mixture used a Teflon stirrer bar) also becomes noticeably poorer on addition
of each portion. The addition was paused after each portion to allow stirring to recover
to an acceptable level and to allow foam to fall back into solution. The solution was
stirred for 30 minutes at the same temperature before the addition of a solution of nitric
acid (4.65 mL, 68 %, diluted with an additional 2 ml of H20, 6.65 ml total volume) in
one portion whilst the beaker was still immersed in the ice bath. The solution was
allowed to warm to room temperature and was stirred at this temperature for 1 h. After
1 hour, the contents of the plastic beaker were transferred to a 100 ml glass beaker.
A concentrated NaOH solution (50:50 w/w with H20) was added to the solution with
vigorous stirring until a pH of 8 was seen using indicator paper. During addition of the
NaOH solution the colour of the solution in the glass beaker gradually changes and at
pH 8 has a turquoise colour. The turquoise solution was then heated to 70 °C with
vigorous stirring for 2 hours. The solution gradually darkens until it becomes a black
colour. After 2 hours, the solution was allowed to cool to room temperature and the pH
checked to ensure pH 8 was maintained. Once at room temperature, the solution was
filtered through a layer of Celite packed onto a sinter bed. A black solid is collected on

the Celite and a pale-yellow filtrate is obtained. The filtrate was evaporated using a
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rotary evaporator with a bath temperature of 50 °C to give a pale yellow solid. This
solid was extracted using a continuously running Soxhlet extraction apparatus and
acetone as the extraction solvent. The extraction end point was after 12-18 hours. This
left a colourless solid on the sinter which upon heating showed no energetic character
(presumed to be NaNO3). The extraction solvent was filtered and then evaporated to
leave a viscous yellow oil (comprised of NaNT.2H20 and mesityl oxide) which
evaporated when left under intense airflow, leaving large, pale-yellow crystals of
NaNT. 2H:20.ldentity of crystals proven by comparison of FTIR spectra to ref®.
Indicative IR absorption bands (nujol) v/cm-1 = 1183, 1173, 1058, 1035. In a glass
beaker, a saturated solution of sodium 5-nitrotetrazolate was prepared by stirring
NaNT-2H20, (173.02 g mol™?, 7.905 g, 45.7 mmol) in deionised water (ca. 18 ml) at 20
to 25 °C. By immersing the beaker in an ice bath, the solution was then cooled to 0 °C
for the duration of 2 h, after which needle-shaped colourless crystals had formed.
Cold-filtration, washing of the filter residue with small amounts of ice-cold water (x2)
and then acetone (x2), followed by brief air-drying of the wash residue, affords
NaNT.4H20 (CHsNsNaOs, 209.04 g mol™, 5.943 g, 28.4 mmol, 62% with respect to
NaNT.2H20) as a white crop of colourless, odourless, free-flowing crystals.
NaNT.4H20 can be stored in a sealed vessel without decomposition at r.t. for several
months. Under a dynamic vacuum (ca. 1 mbar) at r.t., however, it dehydrates readily
to convert into NaNT.2H20 and upon further dehydration to NaNT. The yield of
NaNT.4H20 afforded by this preparative method is highly sensitive to temperature and
solvent volumes, and ranges between 29% and 62%. IR (nujol) v/icm™ = 3592s, 3399s,
br, 1643w, 1551s, 1453vs, 1426vs, 1325s, 1183m, 1058w, 1035w, 842m, 597vs, br.
Magnetic susceptibility xmeas/(emu mol™ ) = -4.2 (+0.7) x 1074

2.4.2 General reaction scheme for the synthesis of DBX-1 and DBX-X
CuCl2 was reduced using the method given by Fronabarger et al.’Method restated

here for the sake of clarity:

2.4.2.1 Fronabarger synthesis

CuCl2(18 mL of 1m, 18 mmol) was added to water(100 mL) in a 400 mL beaker
containing a 50 mm magnetic stir bar at 500 RPM. The solution was heated to approx.
81 °C and an aqueous solution of NaNT (approx.18 mmol, 32 mL of a 0.097 g mL"
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lagueous solution at ambient temperature) was added. On addition the clear blue
solution became light green. Heating was continued until the mixture was at 90 °C and
addition of an aqueous sodium ascorbate (9 mL of 1M solution, 9 mmol, 1.0 equiv.)
solution was started at the rate of 1 mL min-L. Initially the green solution remained clear
and darkened in colour. At 1.5 minutes into the addition, solids started to form and the
mixture became an opaque olive green. The addition of ascorbate was paused. Over
the next 4.5 minutes the mixture went from olive green to orange-green to brown and
finally to rust red. Solid particles of DBX-1 were apparent at the meniscus and the
addition of the remaining ascorbate was started, again at 1 mL min-t. The suspension
was maintained at 90-92 °C throughout the addition and was stirred after the addition
was complete for additional 1.5 minutes (14 minute total reaction time). The
suspension was removed from the hot plate, the magnetic stirrer was removed, and
the supernatant was decanted leaving solid DBX-1 behind. The solids were washed
twice with water and afterwards filtered through Whatman #1 filter paper. The
precipitate was washed with water (2X) followed by 2-propanol (3X) and afterwards

dried in a convection oven at 65 °C until dry (approx. 30 minutes).

2.4.2.2 Sheffield Synthesis
The following modifications to apparatus and reagents have be made to allow for the
experimental work to be performed at the University of Sheffield (i—iv): a 100 ml beaker
made from borosilicate glass acts as the reaction vessel (i), a Teflon-coated magnetic
bar with the dimensions 25 mm x 6 mm is employed for agitation (i),
NaNT.2H20O/NaNT.4H20 is used as the nitrotetrazolyl group transfer reagent (iii), and
the aqueous Na(HAsc) reductant is added dropwise into the reaction mixture using a
Pasteur pipette (iv). NB: previous publications noted colour changes upon addition of
the nitrotetrazolyl group transfer reagent. We have found that they are dependent on
the purity of the NaNT solution; addition of NaNT.2H20 results in a colour change from
light blue to green; however, the addition of aqueous solutions of NaNT.4H20 to those
of CuCl2 causes a slight deepening of the blue colour. The Na(HAsc) addition regime
was (points in time stated in minutes, reaction mixture stirred continuously): 0 to 1.5
addition, 1.5 to 6 dwell time, 6 to 13.5 addition, 13.5 to 15 dwell time. Multiple
experiments were done following this general reaction scheme and the results are
tabulated in Appendix 8.8. The isolated yields of DBX-X and DBX-1 with respect to
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CuCl2 range from 67% to 86%. Caution (!), careful grinding of a 10 mg batch of DBX-
X obtained by this preparative procedure, using an agate mortar and pestle, caused
initiation events (audible as loud crackling sound), which subsided once the crystal
size had reduced sufficiently through milling action.

DBX-X CusCI(N4aCNOz2)2, M = 454.18 g mol™ ; DSC, Ton = 274 °C (dec.), Tpeak = 283
°C, AHexo = 1201 J g7!, 3 K min™t , NB: heating DBX-X at a high rate (10 K min™)
causes decomposition at around 300 °C and breaks the sample container. Cu content
as Cu?* 41.97(x 0.04)% (calcd), 41.7 (+ 2.4)% (found). In three crops of crystals, the
magnetic susceptibility xmeas/(ému mol™ ) was found to range from -8.4 (£0.5) x 1074
to +1.8(x0.2) x 107 . IR (nujol) v/cm™ = 1563vs, 1550m, 1486w, 1430w, 1422w,
1328s, 1292vw, 1197vw, 1084vw, 1071vw, 1045vw, 838m, 833m, 768vw, 715w,
662w, 502vw; TOF LD(+) MS m/z = 652 (2) [Cu2(CN)(DCTB)2] +, 563 (8) [Cu(DCTB)2]
+, 502 (4) [Cus(DCTB)]+ , 418 (9) [Cu20(CN) (DCTB)]+, 411 (11) [Cu=CI(DCTB)]+ ,
402 (21) [Cu2(CN)(DCTB)]+, 313 (100) [Cu(DCTB)]+ , 241 (8) [Cu3(CN)2] +, 152 (5)
[Cu2(CN)]+ . PXRD data and single crystal data are given in the appendix (8.7, 9.1).
A suitably sized, but small, specimen crystal was used for single crystal XRD
measurement (vide supra). Impact sensitiveness Eso = 1.8(+ 0.2) J.

For comparative purposes, analogous analytical data for Cu(N4CNO2) (DBX-1, M =
177.59 g mol™), obtained at Sheffield under identical conditions, are given here: DSC,
Ton =293 °C (dec.), Tpeak = 305 °C, AHex = 1653 J g1, 3 Kmin™ . IR (nujol) v/cm™ =
1558vs, 1548vs, 1489m, 1472s, 1454s, 1425s, 1327vs, 1201vw, 1189vw, 1164vw,
1123vw, 1098w, 1079vw, 1047vw, 1040vw, 835vs, 768vw, 718w, 671w, 655w, 552w;
impact sensitiveness Eso = 4.3(£0.3) J. PXRD data is given in Appendix 8.6. Single
crystal data available for DBX-1 in the cited literaturel®: DSC: Ton/°C = 302.8 (5 K min™
), 329.8 (20 K min™), Tpeak/°C = 337.7 (20 K min™! ), AHex = 1967 J g7*, (20 K min™?!
); IR (KBr) v/icm™ = 1556vs, 1470s, 1451m, 1422s, 1325vs, 1123w, 1096w, 832s;

crystal structure see ref®, PXRD ref®
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3. Synthesis and characterisation of novel Cu(l)-

nitroazolates

3.1 Introduction

Many copper containing energetic materials are known such as Cu(N3),/* Cu(N3),[2¢!
polyazido cuprates,I’l and [Cuz(dmpz)(Ns)2]n.[l Copper azolates have also seen
attention as they appear to have a fortuitous combination of energy density and
chemical stability. Apart from the aforementioned Cu(NT) (DBX-1),!® and CusCI(NT)2
(DBX-X),[1% there are copper-containing energetic metal-organic framework (MOF,
defined as a one-, two- or three-dimensional coordination network held together by
bonds between metal cations and organic linker ligands) structures such as
Cu(NTZ)(Nz)(solv)]n,[*1 tetraamminebis(3,5-dinitro-1,2,4-triazolato-N1)copper(ll),12
hydronium copper(ll) tris(5-nitrotetrazolate) trihydrate!*3! ([Cu(Ns)2(1-methyl-5H-
tetrazolyl)],1*4l as well as Cu(Ns)2(L)n containing a series of azolate groups.[*®!
Notably, most research has concerned the Cu (ll) azolates with Cu(l) azolates less
well researched. As previously discussed, copper 5-nitrotetrazolate (DBX-1) shows
advantageous properties regarding its long-term stability, sensitiveness, specific
volume and energy density making it a viable alternative to lead azide.®! However,
the difficulties in its synthesis (vide supra) and the recent discovery of Cuz(NT)2(Cl)
(DBX-X), a compound possessing high sensitiveness towards impact, raises
questions regarding its suitability for large industry scale synthesis.!*% Therefore,
efforts turned towards the formation of novel energetic Cu(l)-azolates as shockwave
generating (See Introduction, 1.3: Primary Explosives), DBX-1 alternatives as this
could result in the formation of coordination compounds with detonation properties
matching or exceeding those of DBX-1 and Pb(Ns)2 whilst also having a more
straightforward synthesis. A list of targetable Cu(l)-azolates was developed

according to some key principles:

1. Pro-ligands must have facile, well detailed synthetic procedures available
2. All pro-ligands must have shown the ability to form alkali metal salts that can
be readily purified through common laboratory methods or have readily

deprotonatable sites for novel alkali metal salt formation
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3. Ligands should have previously shown the ability to form highly thermally stable
salts of coordination compounds

4. Ligands should be of a similar size to nitrotetrazolate while also displaying a
similar number of coordination sites. This is to hopefully form similar water
insoluble coordination polymers

5. Ligand should have proven energetic character through either calculation or the
use of said ligand in forming energetic compounds

6. Ligands cannot show sensitivity to light or air exposure

7. Salts/energetic compounds of the ligands should have shown the appropriate

sensitiveness towards impact/friction/ESD expected of primary explosives

The known dinitroazolates fit all the above criteria. Dinitrotriazoles, 1]
dinitroimidazoles!*’-2% and dinitropyrazoles?*?4 have been investigated heavily as
energetic materials as they feature explosophoric group properties akin to those of
nitrotetrazole. Seven dinitroazoles as their sodium/potassium salts were chosen for
the attempted formation of Cu(l) compounds (Figure 3.1). As for 5-nitrotetrazole,
2,4/4,5-dinitroimidazole (2,4-DNI/4,5-DNI), 3,4/3,5-dinitropyrazole (3,4-DNP/3,5-
DNP), 3,5-dinitro-1H-1,2,4-triazole (3,5-DNT) and 4-amino-3,5-dinitropyrazole
(ADNP)[?] have known and well-defined syntheses, proven ability to form alkali metal
salts, have been proven to form highly energetic compounds of high thermal stability
and possess a similar size to nitrotetrazole whilst also having multiple coordination
sites/modes available to them which hopefully will result in the formation of 3D
coordination polymers. Tetranitrobisimidazole (TNBI) was also targeted alongside

these dinitroazolates as it shares many of these targeted characteristics. 26l
Research Questions

. Can novel Cu(l)-nitroazolates be formed when their respective
sodium/potassium salts are used as an alternative to nitrotetrazolate in the
Cu(Il)/Cu(l) reduction?

. Do these novel Cu(l)-nitroazolates possess explosive properties and

stabilities that match or exceed DBX-17?
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Figure 3.1: Nitroazoles targeted for replacement of 5-nitrotetrazole in the Cu(ll)/Cu(l)
reduction reaction used to form DBX-1, A= 2,4-dinitroimidazole (2,4-DNI), B= 4,5-
dinitroimidazole (4,5-DNI), C= 3,4-dinitropyrazole (3,4-DNP), D= 3,5-dinitropyrazole
(3,5-DNP), E= 4-amino-3,5-dinitropyrazole (ADNP), F= 3,5-dinitro-1H-1,2,4-triazole
(3,5-DNT), G= tetranitrobisimidazole (TNBI)
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3.2 Results and Discussion

3.2.1 Synthesis of Cu(l)4(DNT)sClI

Dinitrotriazolate (DNT) was the first nitrotetrazolate alternative identified in this
project. Its high nitrogen content, perfect oxygen balance and similarity to
nitrotetrazolate (one ring nitrogen replaced by a C-NOz2 unit), led to the conclusion
that DNT had the best chance of forming a viable alternative to DBX-1. Sodium-3,5-
dinitro-1,2,4-triazolate was synthesised according to the method of Liu et al. (Figure
3.2). [27]

HoN 1)H,S0,, NaNO, O,N

H\ 9
| N » | \
Vi 2) NaHCO5; N

( 9 molar equivalents)

NH, NO,

Figure 3.2: Reaction to form sodium-dinitrotriazolate, synthesis reported in ref?’

This allowed for isolation of the crude sodium-dinitrotriazolate (NaDNT). Crystalline
NaDNT.2H20 was formed according to the methods of Haiges.['®! Na-DNT was
proven to be present as its dihydrate by comparison of absorption band position in a
FTIR recorded in Sheffield to that reported by Haiges.[*®! This compound was then
used in the Cu(Il)/Cu(l) reduction reaction used for synthesis of DBX-1 and DBX-X
(Figure 3.3). Addition of an aqueous solution of NaDNT.2H20 to an aqueous
solution of CuClz resulted in the formation of a clear green solution. Addition of an
aqueous sodium ascorbate solution at 90 °C resulted in the precipitation of a wine-
red coloured solid. The colour of the precipitate was consistent throughout the entire
reaction time of 14 minutes. The precipitate was filtered and washed with both water
and isopropanol (IPA) to afford a wine-red coloured micro crystalline solid. FTIR
spectra of Na-DNT.2H20 and the reaction product were compared to look for signs
of substitution of CI- for DNT.
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Figure 3.3: Reaction scheme for the attempted synthesis of CUDNT
3.2.2 Vibrational Spectroscopy

NaDNT.2H20 has strong absorption from the stretching vibrations of H20 present in
the crystal at 3564, 3369 and 3262 cm™. The H20 bend can also be viewed at 1646
cmL. These absorption bands have completely disappeared from the spectrum of
the wine-red precipitate apart from a very low intensity peak at 1650 cm-* which
could be a weak ring vibration previously masked by the H20 bending absorption.
These observations confirm that the wine-red product crystallises as a water free
compound. NaDNT has absorption bands associated with the stretching modes of
the NO:2 group at 1550 (Asymmetric NO2 stretching vibration, vas(NOz2)), 1541
(vas(NO2)), 1394 (Symmetric NO: stretching vibration, vsym(NO2)) and 1377
(vsym(NOz2)) cm. Large changes to the absorption bands assigned to the symmetric
stretching vibration can be seen in the spectrum of the wine-red precipitate with two
bands at 1394 and 1377 cm™! coalescing into a much broader single band found at
1376 cm* with a noticeable shoulder at 1366 cm-(likely to be a ring vibration as a
similar band is found in the spectrum of NaDNT.2H20) (Figure 3.4). Likewise similar
changes can be found for the vas(NOz2) stretching vibration. Formation of a new band
at 1562 cm and a general broadening of the bands in this region of the spectrum
are observed. Two absorption bands at 1108 and 1053 cm* are present in the
spectrum of NaDNT.2H20. The loss of these bands in the spectrum of the wine-red
solid could indicate the loss of a ‘Charged’ NO2 group (See Introduction, IR
spectroscopic properties of the -NO2 group) but as this phenomenon has not
been observed in nitrotriazoles before this is speculative band assignment.

Absorption bands for the NO2 bending mode can be found in both spectra with little
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difference in band shape and intensity but for a relative increase in intensity of the
band at 846 cm™ versus the band at 826 cm™. Ring vibrational absorption bands can
likewise be found in both spectra with small shifts in wavenumber found for almost all
bands. Overall, the analysis indicates that the dinitrotriazolate moiety is still present
in the wine-red compound but changes to the absorption bands assigned to NO:2
stretching vibrations along with shifts in ring vibrations indicates a change in the
bonding present within the DNT moiety as one would expect upon going from a
predominantly ionically bound compound (NaDNT) to that of a covalently bound
compound (CuDNT). The crystal structure of the compound was investigated to

definitively prove the identity of the wine-red solid.

2.5 -

—— Wine-red Product /
20 - — NaDNT.2H20 /

Absorbance

I * I % I L I Y I v I
1600 1400 1200 1000 800 600

Wavenumber/ cm™

Figure 3.4: Series of FTIR spectra in the range 1750-500 cm1, Black= Product of
the reaction intended to form CuDNT, Red= NaDNT.2H20

3.2.3 SEM and structure determination of Cus(DNT)sCI

SEM images were recorded to determine the size of the crystals in the wine-red
crystalline powder. SEM images showed that the compound crystallised as kite

shaped single crystals with the largest crystals found to be approximately 10 microns

in length (Figure 3.5).
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Figure 3.5: SEM images of the wine-red crystalline product

The structure of the wine-red solid was confirmed following a partial structure
determination from a single crystal followed by subsequent structure solution from
Rietveld fitting of the recorded PXRD pattern. Structure determination confirmed that,
rather than the 1;1 CuDNT compound we had in fact synthesised Cua(DNT)sCI.
Cus(DNT)sCl crystallises in the P 63 space group. Crystalline Cu4(DNT)sCl is
composed of copper, chlorine and 3,5-dinitrotriazolato moieties which are distributed
over two, one and one unique crystallographic sites in the stoichiometric ratio of 4 :
1: 3, respectively (Figure 3.6). These ratios, alongside the measured magnetic
properties, imply that copper is exclusively present in the oxidation state +1. Copper
is coordinated in two chemically distinct crystallographic sites. Cu (1) is coordinated
in a slightly distorted tetrahedron to one ring nitrogen from three dinitrotriazolato
moieties and to one chlorine forming a Cu(k(N1)-DNT)sCl unit. Cu(2) is present as a
3 coordinate “T” shaped moiety with bonds to N(2) and N(3) or DNT and one bond to
chlorine. For each Cu(1) tetrahedral unit there are 3 associated “T” shaped Cu(2)
units. The dinitrotriazolato moiety is present in only one crystallographically
independent site. All ring nitrogens take part in the bonding with the adjacent N(1)
and N(2) bridging between Cu(1) and Cu(2) respectively. The third ring nitrogen

atom (N (3)) on each DNT ligand links to the next Cu4CI(DNT)s unit. Bonds from N(1)
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to Cu(1) and N(3) to Cu(2) are of a similar length (1.933 vs 1.942 (1) A) with the
bond from N(2) to Cu(2) being substantially shorter at 1.847(2) A. Chlorine is
present only in a distorted trigonal bipyramidal coordination geometry. Each chloride
binds to three T-shaped Cu coordination centres and one distorted tetrahedral Cu
centre. The Cu-Cl distance changes depending on the coordination geometry with
the T-shaped Cu-Cl distance (ca. 2.66 A ) being longer than that of the pseudo
tetrahedral Cu-Cl distance (ca. 2.54 A). While in NaDNT.2H20!¢! the nitro groups sit
almost co-planar with the ring, upon coordination to Cu both nitro groups are twisted
out of plane by 8.8° and 25.96° degrees. The internal bond distances of
dinitrotriazolate also all change with all ring bond distances increasing in
Cus(DNT)3Cl compared to NaDNT.2H20 and both nitro group C-N bond distances
becoming substantially shorter on coordination to Cu. N-O bond distances also
change in each nitro group with N(5)-O(3) becoming slightly longer and N(4)-O(20)
becoming substantially shorter and N(5)-O(4) becoming shorter and N(4)-O(1)
becoming longer than in NaDNT.2H20. Comparisons can also be made to DBX-X as
the only other Cu(l) azolate-chloride coordination compound known.[ Cus(DNT)zCl
has on average much longer Cu-Cl bonds (2.538-2.657A) than DBX-X (2.245-
2.622A). Cu-Cl bonds from the “T” coordinated Cu atoms have a Cu-Cl bond length
(2.657A) comparable to that of the Cu-Cl found in DBX-X where the Cu is
coordinated in manner C (See 2.2.7 Structure determination of Cus(NT)2Cl).
Tetrahedrally coordinated Cu in Cua(DNT)sCl result in a Cu-Cl bond (2.538A) of
similar length to that found in DBX-X where Cu is found to be in coordination mode
D. Cu4(DNT)sCl features nitro groups which are twisted to a greater degree out of
plane of the ring(8.80-21.7°, 15.01-25.96°) than those found for the nitrotetrazolate
found in DBX-X (6.85-8.11°, 11.96-13.7°). This could be due to the greater steric
demands of two C-NO2 groups versus the one found in DBX-X. This can be seen in
the space filling model of Cua(DNT)3Cl which shows the close packing nature of the
C-NO:2 groups thus requiring a greater twist out of plane to accommodate the C-NO2
groups of neighbouring DNT ligands. Cu4(DNT)sCl also features much shorter C-N
bonds for each C-NO2 unit (1.257-1.347 A) than that of DBX-X (1.434-1.457 A). This
could indicate that the C-NO2 of DBX-X is much closer to the transition state for

decomposition with regards to loss of NO2 than Cua(DNT)sCI.
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Figure 3.6: Projections of the thermal ellipsoids in the molecular structure of the
crystals of Cus(DNT)3Cl (set at the 67% probability level) showing the bonding

present in the crystal (top) and the DNT, Cu and CI binding environments
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3.2.4 Synthesis of Cu(l)-dinitropyrazolato compounds

3,4-dinitropyrazole, 3,5-dinitropyrazole were proposed as candidate ligands for use
in the Cu(ll)/Cu(l) reduction reaction. Efforts were made to synthesise these
proposed pro-ligands before deprotonation and purification to isolate them as their
alkali metal salts, ready for use in the Cu(ll) reduction reaction. 3,4/3,5-DNP were
synthesised according to the published procedures.?122INa-3,5-DNP.2H20 was
formed according to a synthesis published by Klapotke et al. (Figure 3.7).121 Product
identity was proven by comparison of the unit cell data, FTIR and *H/*3C NMR to the

values reported by Klapotke et al.l24

®Na. 2H,0
O,N H O,N I\?
\ H,O, KOH( 1 molar equivalent) \
) -y
/ Recrystallisation from H,O /
at 0-5°C
NO, NO;

Figure 3.7: Synthesis of Na-3,5-DNP.2H20

3.2.5 Synthesis of Cu(l)-3,5-DNP

Na-3,5-DNP.2H20 was used in the synthesis of Cu-3,5-DNP. Cu-3,5-DNP was
synthesised using the same procedure as that used for DBX-1 (Figure 3.8). Addition
of an aqueous solution of Na-3,5-DNP.2Hz20 to an aqueous solution of CuClz
resulted in the formation of a clear green solution. Addition of an aqueous sodium
ascorbate solution at 90 °C resulted in the precipitation of an orange coloured solid.
The colour of the precipitate was consistent throughout the entire reaction time of 14
minutes. The precipitate was filtered and washed with both water and IPA to afford

an orange coloured micro crystalline solid.
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Figure 3.8: Synthesis of Cu-3,5-DNP

3.2.6 Vibrational Spectroscopy

FTIR spectra of Na-3,5-DNP.2H20 and the orange reaction product were compared
to look for signs of substitution of CI for DNP (Figure 3.9). Observations upon
reaction with CuCl2 and Na-HAsc are similar to that seen for Cus(DNT)sCI. All
absorption bands assigned to H20 stretching and bending modes are not present in
the spectrum of the product. The C-H stretch of the 3,5-dinitropyrazolato moiety can
be found in the spectra of both product and Na-3,5-DNP.2H20. Absorption bands
assigned to ring vibrations are found to shift in wavenumber but it general are still
present in the FTIR spectrum of the orange reaction product. Bands in the region
1550-1500 cm assigned to vas(NOz2) are now found in the region 1570-1550 cm-?
and have broadened. The band at 1356 cm is split and now appears at 1369 and
1343 cm. The NO2 symmetric bend can also still be found in the spectrum of the
orange product with little change to band position. Overall, the FTIR spectra point to
the 3,5-DNP moiety being present in the product. With the precipitation of a water
insoluble compound as seen for other Cu(l) nitroazolates, the product was tentatively

assigned as water free, Cu-3,5-DNP.
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Figure 3.9: Series of FTIR spectra in the range 1750-500 cm-1, Black = Na-3,5-
DNP.2H-0, Red = Reaction product of the attempt to form Cu-3,5-DNP

3.2.7 SEM and crystal structure determination

Crystal structure determination was used to determine the reaction product. When
the orange crystalline product was observed under a microscope, two crystal types
were observed: large yellow crystals as the minor product and smaller orange
crystals forming the bulk of the solid. SEM images were recorded to determine
crystal size (Figure 3.10). SEM shows the smaller orange crystals had formed as
rectangular rod-shaped crystals with the yellow crystals present as large irregularly
shaped plates. Both of the crystal types were investigated with SCXRD. The
structure solution obtained for the small orange crystals proved that they were Cu-
3,5-DNP (Figure 3.11). Cu(1)-3,5-DNP crystallised in the space group P2i/c. Cu(l)-
3,5-DNP is made up of two crystallographically independent 3,5-dinitropyrazolte
units and two crystallographically independent Cu(l) cations bound together to form
an infinitely extending 3D coordination polymer. Cul binds to three nitro group
oxygens and two ring nitrogens in a heavily distorted square pyramidal coordination

geometry.
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Figure 3.10: SEM Images of the reaction product obtained in attempts to form Cu-
3,5-DNP, small orange rod crystals show by yellow box, large yellow plate crystals

show in red box

The base of the square pyramid is formed from two non-related 3,5-DNP units which
chelate the metal centre through k2 coordination modes. Ring nitrogens bind to the
metal centre with Cu-N bond lengths of 1.862-1.892. Oxygen from a nitro group,
bound to the carbon atom adjacent to the binding ring nitrogen, also bind to the
same Cu completing the k2 coordination mode. A third oxygen atom, found on the
nitro group adjacent to the ring nitrogen not involved in coordination to Cul, binds to
Cul to form the square pyramid. The base of the square pyramid is heavily distorted
with O-Cu-N bond angles of 67.44-69.29°. The O2-Cu-N3 bond is also distorted
away from that expected for a square pyramid with an angle of 105.49. Cu2 is found
to have a coordination number of three and is found in a heavily distorted trigonal
planar geometry not too dissimilar from the T-shaped coordination geometry found
for one of the Cu atoms in Cu4(DNT)sCI. Two bonds are formed to ring nitrogens with
one bond also formed to an oxygen atom of a nitro group adjacent to one of the
binding nitrogen atoms once again forming a chelating k2 coordination mode. Cu-N
distances are consistent for both nitrogens at 1.900A. Coordination to Cu2 serves to
bind neighbouring Cul based square pyramids to each other allowing for the 3D
coordination polymer to form. 3,5-DNP can be found in one of two coordination

environments in the crystal.
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Figure 3.11 : Crystal structure of Cu-3,5-DNP, Cu and N atoms modelled
anisotropically (ellipsoids set at the 67% probability level), all other atoms modelled
isotropically (Top), Unit cell packing (Bottom)

109



Both 3,5-DNP units bind to Cul only through ring nitrogen N1 with ring nitrogen N2
forming bonds only to Cu2. For each unit O4 binds to the Cu centre whereas O2
differs depending on which of the unique 3,5-DNP units it originates from. For one of
the units O2 forms the final bond of the square pyramid formed from the bonds to
Cul, for the other it binds to Cu2 and form the k2 coordination mode. For both
crystallographically independent 3,5-DNP moieties, O1/0O3 are not involved in any
significant bonding to any of the other atoms present. The degree of out of plane
twist of each nitro group also differs between moieties. 3,5-DNP A has twists out of
plane of 10.64-15.44° whereas 3,5-DNP B has twists out of plane of 4.62-9.28°

The larger yellow crystals proved to diffract poorly and only a low-quality structure
could be obtained with most atoms non-positive definite (NPD) (NB: Non-positive
definite atoms are defined as a physically impossible state in which one or more of
the atomic displacement parameters have become negative during refinement). The
large yellow crystals were identified as 1-methyl-4-hydroxy-3,5-dinitropyrazole (1-M-
4H-3,5-DNP) (Figure 3.12). Hydrogen atoms could not be located on either the
methyl or hydroxy group. The mechanism by which this by product forms is currently
not understood.

Figure 3.12: Ball and stick diagram of the crystal structure of 1-methyl-4-hydroxy-

3,5-dinitropyrazole
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3.2.8 Elemental Analysis

Knowing that two products are formed during the reaction, elemental analysis was

used to determine the ratios of the two products.

C% H% N%
Found 17.10 0.54 25.23
Cu-3,5-DNP Expected | 16.33 0.46 25.40
Difference | -0.77 -0.08 0.17
to found
1-M-4H-3,5-DNP Expected | 20.46 2.29 31.82
Difference | 3.36 1.75 6.59
to found
96%(Cu-3,5-DNP): 4% 1-M- Expected | 16.50 0.53 25.66
4H-3,5-DNP
Difference | -0.60 -0.01 0.43
to found

Table 3.1: Elemental analysis results for Cu-3,5-DNP

The elemental analysis clearly shows that the product is neither pure Cu-3,5-DNP
nor 1-M-4-H-3,5-DNP, corroborating the findings of the SCXRD studies (Table 3.1).
Scaled addition of CHN values for the two products was used to determine a crude
product composition. The composition with the lowest standard deviation when using
the sum of squares of the differences on various formulations of X%(Cu-3,5-DNP):
Y% 1-M-4H-3,5-DNP results in the lowest standard deviation for the formulation
96%(Cu-3,5-DNP): 4% 1-M-4H-3,5-DNP. The CHN values for this compound are
close to the usually accepted tolerances for elemental analysis (<0.5%) with only C%
being slightly over the acceptable tolerance. Tentatively, the product of this reaction
is therefore assigned as Cu-3,5-DNP with a 4% minor product of 1-methyl-4-

hydroxy-3,5-dinitropyrazole
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3.2.9 Synthesis of Cu(l)-3,4-DNP

K-3,4-DNP.2H20 was synthesised by the reaction of 3,4-DNP with K2COs in ethanol
at room temperature according to the published procedure.?3! Product purity was
proven by comparison of unit cell data and *H and **C NMR to known values.[?!
Pure, crystalline K-3,4-DNP.2H20 was then used in the Cu(ll)/Cu(l) reduction
reaction. However, this led to some unexpected results which had not been seen in
the other reduction reactions tried so far. Addition of K-3,4-DNP.2H20 to CuClz in
water leads to the formation of bright blue precipitate which partially redissolves in
90 °C water (Figure 3.13). Addition of NaHAsc leads to the formation of a dark red
gel-like material (Figure 3.13). Temperature had no effect on the reaction outcome
as either reactions at room temperature or at 90°C produced the same reaction
product. This product as thought to be a metallogel. Cu(l) metallogels are not
unknown in the literature and have been shown for a variety of systems.[?8l Inversion
of the gel stored in a sample vial resulted in no flow of material towards the bottom of
the vial (Figure 3.13), this being an important test as the retardation of flow of

materials is a key qualitative test for assigning compounds as gels.?8 The solid was

not investigated further as an energetic material.

Figure 3.13: Left: Product formed on addition of K-3,4-DNP.2H>0 to solutions of
CuCly, Left Middle: Product formed on addition of Na-HAsc to solutions of CuCl, + K-
3,4-DNP.2H20, Right Middle: Inversion test 1 hours, Right: Inversion test 6 hours
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3.2.10 Synthesis of Cu(l)-Nitroimidazolates

2,4-Dinitroimidazole (2,4-DNI) and 4,5-dinitroimidazole (4,5-DNI) were also proposed
as candidate ligands for use in the Cu(ll)/Cu(l) reduction reaction. 2,4-DNI was
synthesised as detailed by Cho et al. (Figure 3.14). [17]

H H
N N
68% HNO4/ 98% H,SO,
‘ /> 130°C, 8h Reflux ‘ />
N N
O,N
AcONO2 RT, 2 days
Y
/No2
H PhCI, 120°C, N
12 hours |
- /
V4 N
N O,N

Figure 3.14: Synthesis of 2,4-DNI

The potassium salt of 2,4-DNI was synthesised according to the methods of Zhang
et all'®, An agueous solution of 2,4-DNI was heated to 60 °C at which point an
equimolar amount of KOH was added and the solution was stirred for a further hour.
Removal of the solvent and recrystallization of the solid remaining in ethanol resulted
in the growth of yellow block crystals of anhydrous K-2,4-DNI. Product identity was
confirmed by comparison of *H and 13C NMR to the published data of Zhang et al.[']
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3.2.11 Synthesis of Cu(l)-2,4-DNI

Upon addition of K-2,4-DNI to solutions of CuCl2 at 75 °C, a light blue solution forms.
The light blue solution was heated to 90 °C and sodium ascorbate was added under
the same addition scheme as used for the formation of previous Cu(l)-nitroazolates
(Figure 3.15). During the addition a red/orange solid begins to precipitate out and by
the end of addition an orange suspension is formed. Filtering and washing with water
(2X) and IPA (2X) afforded Cu(l)-2,4-DNI as an orange/red amorphous solid. Product

identity was proved by FTIR and elemental analysis.

®
K® Cu

CuCly, 75 °C

© S
N 1) N
| ) - )
N 2) 90 °C, Na-HAsc N
O.N O,N

Figure 3.15: Synthesis to form Cu-2,4-DNI

3.2.12 Vibrational Spectroscopy

Not discussed in the work of Epishina regarding the infrared spectra of salts of
nitroimidazoles, K-2,4-DNI shows differences to the other nitroimidazole salts.l*% No
absorption bands indicative of ‘charged’ NO2 groups can be observed. These
absorption bands are still present in the spectrum of the orange/red reaction product
proving them to more likely be ring vibrations. Absorption bands associated with
uncharged NO:2 stretching and bending modes can be found in the spectrum of
Cu(l)-2,4-DNI further proving this theory. Overall, as the 2,4-DNI moiety appears to
be present in the orange/red reaction product analysis of the FTIR spectra help to
tentatively assign the product as Cu(l)-2,4-DNI (Appendix 8.19 and 8.20). Elemental

Analysis was used to confirm product identity.
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3.2.13 Elemental analysis

As shown in Table 3.2, values for CHN are all within the acceptable tolerances and
confirm the product identity as Cu-2,4-dinitroimidazolate. Cu content could not be

determined during the timeframe of this project.

C% H% N%
Expected 16.33 0.46 25.40
Found 16.49 0.82 25.26
Difference(Found- | +0.16 +0.36 -0.14
Exp)

Table 3.2: Elemental analysis results for Cu-2,4-DNI

3.2.14 Synthesis of Cu(l)-4,5-dinitroimidazolate

4,5-Dinitroimidazole (4,5-DNI) was synthesised according to the methods of Katritzky
et al (Figure 3.16).181 Unlike 2,4-DNI, 4,5-DNI can be isolated via direct nitration of

4-nitroimidazole.

8 Fuming HNO,/ OxN §
| 98% H,SO,4
- |
/ Reflux, 5 hours /
N N
O,N O,N

Figure 3.16: Synthesis of 4,5-DNI

Product identity was confirmed by comparison of *H and **C NMR to the values
published by Katritzky.['8 Formation of the potassium salt of 4,5-dinitroimidazole was
done according to the methodology of Katritzky.['8l 4,5-dinitroimidazole was
dissolved in acetone to give a pale-yellow solution and reacted with potassium
carbonate over 24 hours. Following filtration and evaporation of the acetone solution
long, rectangular, bright yellow crystals of K-4,5-dinitroimidazolate monohydrate was

obtained as confirmed by comparison of the *H and **C NMR spectra to reported
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values.l*8l Pure K-4,5-dinitroimidazolate monohydrate was used in the synthesis of
Cu(l)-4,5-DNI (Figure 3.17).

3.2.15 Synthesis of Cu(l)-4,5-DNI

@
K® Cu
O,N © O,N S)
N 1) CuCl,, 75 °C N
| - [ )
N/> 2) 90 °C, Na-HAsc N/
O,N O,N

Figure 3.17: Synthesis to form Cu-4,5-DNI

Upon addition of K-4,5-DNI to solutions of CuClz at 75 °C, a light blue solid
precipitated from the solution (presumably the Cu(ll) salt of 4,5-DNI). The now light
blue suspension was heated to 90 °C and sodium ascorbate was added under the
same addition scheme as used for the formation of previous Cu(l)-nitroazolates.
During the addition, a colour change from blue to brown could be observed and at
the end of the reaction a brown suspension was obtained. Filtering and washing with
water (2X) and IPA (2X) afforded Cu(l)-4,5-DNI as a light brown solid. Product

identity was proved by FTIR and elemental analysis.
3.2.16 Vibrational Spectroscopy

The band assigned to the C-H stretching mode in K-4,5-DNI.H20 has both moved to
higher wavenumbers and increased in intensity in the spectrum of Cu(l)-4,5-DNI
(Figure 3.18). As stated previously, K-4,5-DNI has four absorption bands associated
with NOz2 stretching modes; 1528 cm™ and 1366 cm™, associated with the uncharged
NO: group and 1187 cm™* and 960 cm™, associated to the charged NO2 Group.
Upon coordination to Cu(l) both absorptions associated with the charged NO2 group
disappear from the spectrum of Cu-4,5-DNI. Instead, the band at 1528 cm™!
becomes much broader and features multiple peaks all of a similar intensity. This is
indicative of the formation of an uncharged NO:2 group, presumably due to the

change in bonding from ionic in K-4,5-DNI.H20 to covalent in Cu-4,5-DNI. The band
116



at 1366 cm™ can be seen to become sharper upon coordination to Cu(l). Bands
assigned to NO2z deformation modes can still be seen in the spectrum of Cu-4,5-DNI
with both having shifted to lower wavenumbers. Bands associated with ring
vibrations are still present in the spectrum of Cu-4,5-DNI with the familiar shifts and

intensity changes that accompany coordination to metal centres.

3 —
— K-4,5-DNI.H20
5 —— Cu-4,5-DNI
Q
O
C
©
i
=S
n
O
<
1 —
0 [ ! I ! | ! | ' | ! |
1600 1400 1200 1000 800 600

Wavenumber/ cm™

Figure 3.18: Series of FTIR spectra in the range 1750-500 cm-1, Black = K-4,5-
DNI.H20, Red = Cu-4,5-DNI
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3.2.17 Elemental analysis

C% H% N%
Expected 16.33 0.46 25.40
Found 16.38 0.84 24.94
Difference(Found- | +0.05 +0.38 -0.46
Exp)

Table 3.3: Elemental analysis results for Cu-4,5-DNI

As shown in Table 3.3, values for CHN are all within the acceptable tolerances and
confirm the product identity as Cu-4,5-dinitroimidazolate. Cu content could not be

determined during the timeframe of this project.

The crystal structure of Cu-4,5-DNI could not be recorded as the crystals proved too
small for a dataset to be recorded on the diffractometers present at Sheffield. SEM
proves the maximum crystal size to be approximately 10 ym (Figure 3.19). PXRD
could be recorded for the sample (Figure 3.20), however unit cell data has not yet

been obtained from the diffractogram

7 ot
q T

SED 5.0kV WD17mmP.C.40 HV  x800

Figure 3.19: SEM images of Cu-4,5-DNI
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Figure 3.20: PXRD Diffractogram of Cu-4,5-DNI, recorded in the range 5-60 20
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3.2.18 Synthesis of Cu(l)- 4,4-,5,5-Tetranitro-2,2-bisimidazolate

4,4- 5,5-Tetranitro-2,2-bisimidazole(TNBI) is an energetic compound with little
research conducted into its ligand properties.?81 With energetic characteristics similar
to that of the dinitroazolates, we elected to use TNBI as its potassium salt in the

synthesis of its Cu(l) compound.
o\/\0 70 °C, 5hrs _ [H /N j
N/ N

NaNO3, H2804

@
K
O,N © " NO, O,N H . NO,
| J | KOH I J
)~ — | )<
N N N N
02N e N02 02N H N02
.2H,0
® 2
K

Figure 3.21: Synthesis of K>-TNBI

K2-TNBI was synthesised according to the published procedure (Figure 3.21).[26]
Synthesis and purity of K2-TNBI was confirmed by comparison of *H and 3C NMR
data to published values.[?61 With the NMR spectra proving product purity, K2-TNBI
was used in the Cu(ll)/Cu(l) reduction reaction (Figure 3.22).

® @
K Cu
O,N Ne N NO, O,N N@ N NO,
| / ‘ 1) 75°C, CUC|2 /
/ 2) 90°C, | Y/ |
N N N
ON c No,  NaHAsc o N 3 NO,
®
K @

Cu
Figure 3.22: Synthesis attempted to form Cu>-TNBI
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Addition of an aqueous suspension of K2-TNBI to an aqueous solution of CuCl2
resulted in the formation of a pale orange suspension. Addition of Na-HAsc under
the same addition regime used for previous syntheses resulted in the gradual
formation of Cuz-TNBI as a brown precipitate. The reaction mixture was filtered and
washed with both water and IPA to afford a similar coloured micro crystalline solid.

Product identity was confirmed by FTIR spectroscopy and elemental analysis.

3.2.19 Vibrational Spectroscopy

16 1 —— K2-TNBI
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Figure 3.23: Series of FTIR spectra in the range 1750-500 cm-1, Black = K2-TNBI,
Red = Cu2-TNBI

FTIR spectra of potassium salt and product were compared (Figure 3.23). K2-TNBI
has the characteristic absorption bands of both charged and uncharged NO:2 groups.
The FTIR spectrum of Cu2-TNBI shows a large increase in intensity of both vas(NO2)

and vsym(NO2) for uncharged NO2 groups. It can also be claimed that both of the
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absorption bands of charged NO2 groups are missing from the spectrum. The
reduced intensity and large shift in band position of the absorption band at 1013 cm™*
is unlikely to be the shifted vsym(NO2) and more likely to be a now IR active ring
vibration. Likewise, the band at 1124 cm is more likely the shift in position of the
band at 1153 cm than the continued presence of vas of the charged NO2 groups.
Uncharged NO:2 deformation modes likewise see a large increase in intensity,
signalling the presence of more uncharged NO2 groups. This is strong evidence to
suggest the substitution reaction has worked and TNBI is now bound to two Cu(l)
cations (similar effects seen in formation of both Cu-2,4-DNI and Cu-4,5-DNI). Ring
vibrations are seen to shift in wavenumber and some heavily reduce in intensity.
Disappearance of an absorption band that could be assigned to an isoimidazole ring
(as would be formed with charged NO2 groups) at 1494 cm is yet more evidence

(albeit tentative) for the successful substitution of Cl- by TNBI to form Cu2-TNBI.

3.2.20 Elemental analysis and Cu content determination

Product identity was conclusively proven by elemental analysis and with copper

content analysis by UV/vis spectroscopy.

C% H% N%
Expected 16.41 0 25.51
Found 16.28 0 25.13
Difference(Found- | -0.13 0 -0.38
Exp)

Table 3.4: Elemental analysis results for Cux-TNBI

C, H and N values are all found to be within the accepted errors (x 0.5%) of the
expected values for Cuz-TNBI (Table 3.4). This is strong evidence to suggest
formation of Cu2-TNBI. Cu content was recorded by dissolving a sample of Cuz-TNBI
in 68% HNOs3. This decomposes the solid into H2TNBI and Cu(H20)e?*. Cu(H20)e%*
has a strong absorbance in the UV/vis spectrum.??l By performing the same

digestion on a sample of Cu(SO)4.5H20 of known mass we can use this as a
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standard for the Cu(H20)e?* UV/vis absorption and from this we can determine the
Cu content of other Cu(l) salts. Using this method, we determine the Cu content of
Cu2-TNBI to be 28.82%(Theory states 28.94%). This corroborates the findings of

elemental analysis and allows for confirmation of the first synthesis of Cu2-TNBI.

The crystal structure of Cuz-TNBI could not be determined. SEM images proved the
crystal size to be below 1um (Figure 3.24). PXRD diffractograms prove the sample
to be a microcrystalline powder (Figure 3.25) but unit cell data has yet to be
determined.

SED 5.0kV WD18mmP.C.40 HV  x6,000 2ym e ——
Sample 0000 Aug 03, 2021

Figure 3.24: SEM Image of a cluster of Cu>-TNBI crystals
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Figure 3.25: PXRD diffractogram of Cu>-TNBI recorded in the range 5-50 20
3.2.21 Synthesis of Cu(l)-ADNP

4-Amino-3,5-dinitropyrazole (ADNP) was also chosen as a ligand for the formation of
Cu(l) salts. ADNP was synthesised through the stepwise nitration and amination of
chloropyrazole according to the work of Ek.[?] A solution of potassium-4-amino-3,5-
dinitropyrazole was made by addition of stoichiometric amounts of KOH to a 5 ml
aqueous solution of ADNP. This was then added to a solution of CuCl2 at 75 °C
resulting in the formation of a dark orange solution. The solution was heated to 90 °C
and sodium ascorbate was added under the same addition scheme as used for the

formation of previous Cu(l)-nitroazolates (Figure 3.26).

Cu
O,N H O,N N@
\ 1. H,O, KOH (1 Equiv.) \
[ - )
V4 2. CuClp, 75 °C Vi
H,N 3. NaHAsc, 90 °C H,N
NO, NO,

Figure 3.26: Synthesis to form Cu(l)-ADNP
124



During the addition an orange solid precipitates within the first minute of addition.
Upon completion of the addition an orange suspension is obtained. Filtering and
washing with water (2X) and IPA (2X) afforded Cu(l)-4-amino-3,5-dinitropyrazolate
(Cu()-ADNP) as a bright orange solid. Product identity was proved by elemental
analysis, Cu content determination and determination of the crystal structure.

3.2.22 Elemental Analysis and Cu Content

C% H% N%
Expected 15.29 0.86 29.72
Found 15.35 1.19 29.62
Difference +0.06 +0.33 -0.10
(Found-Exp)

Table 3.5: Elemental analysis results for Cu(l)-ADNP

As shown in Table 3.5, values for CHN are all within the acceptable tolerances for
the values assumed for Cu(l)-ADNP. Cu content was also used to determine product
identity. Cu Content was recorded using the method described for other novel Cu(l)-
nitroazolates by using CuS04.5H20 as a standard for UV/vis and digesting Cu(l)-
ADNP in 68% HNO:s.

Cu Content
Expected 26.97
Found 27.07
Difference +0.10

Table 3.6: Cu content analysis of Cu(l)-ADNP

The Cu content of the sample of Cu(l)-ADNP used was 27.07, a result within +0.10%
of the expected value (Table 3.6). This, alongside the element analysis results,
proved the identity of the bright orange solid as Cu(l)-ADNP.
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3.2.23 Structural determination of Cu(l)-ADNP

When a sample of Cu(l)-ADNP was viewed under a microscope 3 crystal types could
be observed: Large yellow crystals, small orange crystals and a <6 ym
microcrystalline powder. The sample was also viewed with SEM. Here the largest of
the yellow crystals can be seen to be approximately 25 um (Figure 3.27). The
smaller orange crystals are hard to distinguish from the microcrystalline powder in
the SEM image but some relatively large crystals can be seen to be ~10 uym. It is
also clear that the large crystals make up only a small proportion of the crystalline

material.

Figure 3.27: SEM image of a sample of Cu(l)-ADNP

Both the orange crystals and the yellow crystals were investigated with SCXRD. The
orange crystals were composed of copper and 4-amino-3,5-dinitropyrazolyl moieties
in a 1:1 ratio. This, along with the measured magnetic properties, implies that that
copper is only observed in the 1+ oxidation state. Each copper binds to two ADNP
moieties which results in unusual trimers forming with ADNP compounds bridging
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between copper centres (Figure 3.28, Top). Hydrogen bonds can be found between
the oxygens of the 3- and 5-NO2 groups towards the adjacent amino group ranging
from 2.297-2.414 A. Weak hydrogen bonding can be found between trimers from
nitro group oxygen atoms to amino group hydrogens (2.865 A). Bonds between Cu
atoms and nitro group oxygens can also be observed. Cu 2 and Cu 3 feature one
long bond to a nitro group oxygen ( 2.816-2.994 A) and one short bond (2.436-2.488
A). Cu1l features two bonds to nitro group oxygens of similar length (2.747 A, 2.787
A). Nitro groups are found to be in plane with the pyrazolato moiety with only small
twists (5.81-16.44° out of plane. This is similar to the behaviour seen in the structure
of Cu-3,5-DNP. Neither of these structures are seen to have one extremely twisted
NO:2 group as seen for Cus(DNT)3Cl. Cu-N bond lengths for Cu(l)-ADNP (1.821-
1.889 A) are also found to be similar to that seen for the bonding found in the
distorted square pyramidal moieties found in Cu(l)-3,5-DNP(1.862-1.892 A).

The large yellow crystals were also found to diffract and a crystal structure was
recorded. The yellow crystals were found to be 1-methyl-4-amino-3,5-dinitropyrazole
(Figure 3.28, Bottom). The crystal structure was not investigated further and was
used only for product identification. This is a very similar by-product to what is found
in the reaction forming Cu(l)-3,5-DNP, but with the 4-amino group preventing
hydrolysis of the pyrazole ring. Likewise, the mechanism for formation of the
methylated product is currently unknown however this being the second observation
of a methylated pyrazole product, it is clear that the pyrazole moiety is affected by
the reducing conditions present in the reaction solution. With no other sources of
carbon present in the reaction mixture (baring sodium ascorbate which is present in
all reduction reactions performed so far), it is likely that the pyrazole moiety is the
source of the methyl group. It is not unreasonable to suggest a similar by-product will

form for other nitropyrazolates used in this reaction system.
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Figure 3.28: Top: Projections of the thermal ellipsoids in the molecular structure of
the crystals of Cu-ADNP (set at the 67% probability level), Bottom: Projections of the
thermal ellipsoids in the molecular structure of the crystals of 1-methyl-4-amino-3,5-
dinitropyrazole (set at the 50% probability level)
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3.2.24 Thermal Behaviour and detonation performance parameters of Cu(l)-

nitroazolates
3.2.24.1 Thermal behaviour

All novel Cu(l) salts were investigated by DSC calorimetry (Table 3.7) with both
thermal decomposition temperatures and enthalpies of decomposition (AHad)
recorded. None of the materials showed phase transitions or chemical reactivity
between r.t. and the onset of decomposition. Therefore, the decomposing phase is
the same as that present at r.t. Cua(DNT)3Cl, Cu2-TNBI and Cu-ADNP were heated
at rate of 5 K min -1 until 200 °C was reached, after which a heating rate of 1-2 K min
-1 was used to allow for a controlled (slower) decomposition. Cu-2,4-DNI, Cu-4,5-DNI
and Cu-3,5-DNP were heated at 3 K min! for the entire temperature range. DSC

traces can be found in the Appendix (8.54-8.59).

Compound | Ton/ °C Tpeak/ °C AHd/ J gt | AHd/ kJ AHd/ kJ
moll, Per | mol?l, Per
Cu azolyl ring
DBX-1 293 305 1653 294 294
DBX-X 274 283 1201 182 273
Cus(DNT)sClI 267 269 2347 447 596
Cuz-TNBI 287 300 2425 533 533
Cu-3,5-DNP? 324 325 1583 349 349
Cu-2,4-DNI 336 344 1793 396 396
Cu-4,5-DNI 281 300 1734 383 383
Cu-ADNP® 298 300 2576 686 686

Table 3.7: Comparison of the thermal behaviour of known Cu(l)-nitroazolates,
aCompound contains 4% 1-methyl-4-hydroxy-3,5-dinitropyrazole, PCompound

contains an unknown amount of 1-methyl-4-amino-3,5-dinitropyrazole

The onset of exothermic decomposition of Cua(DNT)sCl occurs at Ton = 267 °C
within a very sharp peak (Tpeak = 269 °C). In contrast, compound Cu2-TNBI
possesses a greater thermal stability and decomposes less rapidly as shown by both

onset and peak temperature exceeding Cus(DNT)sCl by over 20 K and with greater
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separation (Ton = 287 °C, Tpeak = 300 °C). Cu-ADNP displays an even higher
thermostability (Ton = 296 °C, Tpeak = 300 °C) but with a narrower temperature range
than Cuz-TNBI. Cu-2,4-DNI and Cu-3,5-DNP show the highest thermal stabilities of
any of the novel Cu(l)-nitroazolates ( Cu-2,4-DNI: Ton:336 °C, Tpeak: 343 °C; Cu-3,5-
DNP: Ton: 324 °C, Tpeak: 325 °C) while Cu-4,5-DNI has thermal decomposition
temperature comparable to Cu2-TNBI ( Ton: 281 °C, Tpeak: 299.8 °C) (Table 3.7). The
thermal decomposition of Cu-4,5-DNI also appears to occur in two stages with the
associated exotherm having two distinct peaks. The thermostability of the
investigated materials is thus close to that observed for DBX-1 and DBX-X which
decompose at 293 °C and 274 °C respectively. All solids greatly exceed the
minimum threshold for thermal stability expected of LFI’s. Specific heats of
decomposition vary greatly amongst the novel Cu(l)-nitroazolates. Cu-ADNP, Cuz-
TNBI and Cu4(DNT)3Cl have similar specific heats of decomposition (2576 J g-lvs.
2425 J g1 vs. 2342 J g1) and these are substantially higher than those found for
DBX-1 and CusCI(NT)2 (1653 and 1201 J g*, respectively). Cu-3,5-DNP, Cu-2,4-
DNI and Cu-4,5-DNI all have specific heats of decomposition similar to those found
for DBX-1 (1583 J gt vs. 1793 J gt vs. 1734 J g1). When calculated per Cu atom or
per azolyl moiety, the novel Cu(l)-nitroazolates all have higher molar heats of
decomposition than DBX-1. This suggests that the number of C-NO2 groups is
critical for increasing the heat of decomposition. Incorporation of C-H groups over N
atoms can be said to have a negative effect on the heat of decomposition as can be
seen by the much small increases in molar heat of decomposition per azolyl group
for Cu-3,5-DNP, Cu-2,4-DNI and Cu-4,5-DNI over DBX-1 compared with that of
Cu4(DNT)3Cl.The specific heat of decomposition and the molar heat of
decomposition per azolyl group in Cu-ADNP are both substantially larger than that of
Cu2-TNBI or Cu4(DNT)3ClI (2912 J g, 686 kJ mol* ) which suggests that the NH2
group has an additional exothermic effect in the exothermic decomposition of

nitroazolates.
3.2.24.2 Detonation parameters

Detonation parameters were calculated to help with explosive classification of the
novel Cu(l)-nitroazolates and to see if they meet the required standards of a lead

free initiator/DBX-1 alternative (Detonation parameters on par with Pb(N3)2 or DBX-
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1). With crystal structures known for Cus4(DNT)sCl, Cu-ADNP and Cu-3,5-DNP,
crystal densities can be calculated and taken as the limiting density. In the case of
Cu2-TNBI, Cu-2,4-dinitroimidazolate and Cu-4,5-dinitroimidazolate determination of
the crystal structure could not be achieved. In these cases, Q,D and P cannot be
calculated due to the lack of a crystal density. However, one can make estimates of
the crystal density according to the methods of Ammon and Hofmann.[3432l |n these
papers, average volumes for specific atoms, and in the method of Ammon for atoms
in specific binding environments, are calculated from large (over 1000 datasets) sets
of crystal structures obtained from the CCDC. From the average volumes an
estimated volume for individual moieties can be calculated additively which in turn
can be used to calculate an estimated density for the compound in question. This
was applied to the Cu(l)-nitroazolates with known structures to assess the validity of

the density estimation when compared against values calculated from the crystal

structures.
Compound P, P, Difference/ g | % Difference
determined | estimation[3132l/ | cm-3
from crystal |gcm?3
structure/ g
cm3
DBX-1 2.584[ 2.39 -0.194 -71.5%
DBX-X 2.939 2.53 -0.409 -13.9%
Cus(DNT)sCl | 2.574 2.39 -0.184 -7.15%
Cu-ADNP 2.446 2.22 -0.226 -9.24%
Cu-3,5-DNP 2.520 2.18 -0.340 -13.49

Table 3.8: Estimated crystal density versus that determined from the crystal

structure

The methods of Hofmann and Ammon underpredict the density of all Cu(l)-
nitroazolate compounds with recorded crystal structures (Table 3.8). This
discrepancy is less than 10% except for DBX-X and Cu-3,5-DNP in which the
methods of Hofmann and Ammon cannot account for the efficient packing present in
the crystal. 1% These methods can therefore be used for estimation of crystal

densities for Cuz2-TNBI, Cu-2,4-dinitroimidazolate and Cu-4,5-dinitroimidazolate
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however these values should be taken as lower limits of the theoretical maximum
values. Using these estimated crystal densities and the calculated values for
Cu4(DNT)3Cl, Cu-ADNP and Cu-3,5-DNP, we can calculate detonation performance
parameters for these compounds and compare them to DBX-1 and Pb(Nz3)2 (Table
3.9).

Compound | Tdec/ | AHfexpiosive/ | p/gem= | Q/Jg?! | D/kms? | P/kbar
°C kJ mol?

Cus(DNT)Cl | 267 |-248.0 2.574 2342.7 | 7.868 338.05
Cu-ADNP? 298 -85.7 2.446 2700.0 7.242 279.59
Cu-3,5-DNP" | 324 -407.5 2.520 1583.3 6.147 204.30
Cu2-TNBI 287 -203.9 2.27° 2425.1 7.562 293.86
Cu-2,4-DNI 336 -361.1 2.18°¢ 1793.3 5.686 162.71
Cu-4,5-DNI 281 -374.0 2.18°¢ 1734.8 5.639 160.04
DBX-1 293 -49.901 2.584 1695.6 6.341 219.97
Pb(Ns3)2 31368 | - 4.763B4 | - 5.920B3 | 338[33]

Table 3.9: Comparison of the detonation performance parameters for known Cu(l)-
nitroazolates and Pb(N3)2, 2Compound contains an unknown amount of 1-methyl-4-
amino-3,5-dinitropyrazole,’Compound contains 4% 1-methyl-4-hydroxy-3,5-
dinitropyrazole, c= estimated densities

Estimated values for the density of Cuz-TNBI, Cu-2,4-dinitroimidazolate and Cu-4,5-
dinitroimidazolate are similar to the predicted density for Cu-ADNP/ Cu-3,5-DNP and
lower than predicted values for the other Cu(l)-nitroazolates. While this value can be
taken as a lower limit for density, this does imply that unless these compounds have
highly efficient packing they may have similar actual densities to Cu-ADNP/ Cu-3,5-
DNP. All compounds are predicted to have favourable detonation performance
parameters. Cu-2,4/4,5-dinitroimidazolate have the lowest predicted values for both
D and P, however the values for D are within 4.7% of the value for lead azide.
Assuming that the predicted density is a lower limit, Cu-2,4/4,5-DNI could possess
values for D that rival that of lead azide and DBX-1. On account of their high thermal
stabilities (Cu-2,4-DNI found to have Tdec Over 40 °C above that of DBX-1) and their

predicted detonation parameters, Cu-2,4/4,5-DNI can both be seen as potential lead-
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free initiators. Cu-3,5-DNP is found to have D and P values similar to that found for
DBX-1 while also having a decomposition temperature which is 30 °C higher. This
suggests that Cu-3,5-DNP could be a viable alternative to DBX-1 in initiatory
formulations. Cus(DNT)3Cl, Cu-ADNP and Cu2-TNBI are all predicted to have
detonation velocities and pressures far exceeding that of DBX-1. This is primarily
due to the larger amounts of CO2 produced by these compounds upon detonation
and the much higher values for AHq4 recorded for these compounds. The detonation
pressures of these materials also much more closely match that for lead azide than
does DBX-1. With high thermal stabilities in all cases, these compounds should be
further investigated as replacements for both DBX-1 and lead azide.

3.2.25 Long term Stability

In all cases the novel Cu(l)-nitroazolates have desirable detonation parameters.
However long-term storability has not been investigated for these compounds. On
account of the chloride present in Cu4(DNT)3Cl, it can be assumed that a similar
decomposition to that seen for DBX-X will be present upon long term water
immersion. The chloride free Cu(l)-nitroazolates should prove stable upon water

immersion but these tests must be conducted to conclusively prove this.
3.2.26 Impact Sensitiveness

The impact sensitiveness of Cua(DNT)3ClI, Cu2-TNBI and Cu-ADNP were recorded
and compared to the values recorded for DBX-1 and DBX-X and for the known range
of values for Pb(Ns)2 (Table 3.10).

Compound IS/ J
Cu4(DNT)sCl 1.8(+x0.1) J
Cuz-TNBI 1.7(x0.1) J
Cu-ADNP 2.5(+x0.1) J
DBX-1 4.3(x0.3) J
DBX-X 1.8(x0.2) J
Pb(Ns)2 2.5-4 3]

Table 3.10: Impact sensitiveness of known Cu(l)-nitroazolates and lead azide
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Preliminary drop weight testing reveals that the tested novel Cu(l)-nitroazolates
possess high sensitiveness towards impact. Cu2-TNBI is found to have the highest
sensitiveness with an IS of 1.7(x0.1) J. In all compounds, sensitiveness’s are found to
be much lower than that recorded for DBX-1 and even the least sensitive (Cu-ADNP)
is found to be as sensitive as the most sensitive batches of Pb(Nz)2 ((Pb(Ns)2
sensitiveness is influenced by formulation changes, i.e. reaction conditions, additives,
morphology, crystal size distribution etc). It should be noted that both Cu(l)-chlorido-
nitroazolato compounds (DBX-X and Cus4(DNT)sCl) have the same IS. This could
indicate that inclusion of chlorides into these compounds may have a sensitising effect
(See 2.2.8.1 Thermal Behaviour and impact sensitiveness) , albeit at the cost of
some detonation performance parameters. Overall, Cuz-TNBI, Cu-ADNP and
Cu4(DNT)3Cl should all be considered as possessing a high sensitiveness towards

impact, exceeding that of other know primary explosives.
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3.3 Conclusion

Seven nitroazoles with known syntheses of their respective alkali metals salts were
targeted for use in the Cu(ll)/Cu(l) reduction reaction system used in the synthesis of
DBX-1. Six of the nitroazolates have been shown to form Cu(l) salts though the
products vary between nitroazolates. TNBI, 2,4-DNI and 4,5-DNI form Cuz-TNBI, Cu-
2,4-DNI and Cu-4,5-DNI respectively. Use of DNT in the Cu(ll)/Cu(l) reduction
reaction results in the formation of the mixed ligand coordination polymer
Cu4(DNT)3CI. This is remarkably similar to that seen in DBX-X and is likely similar to
suffer from similar long term stability issues. Further investigation into the synthesis
of this compound could reveal similar reaction trends to that seen with DBX-X/DBX-1
potentially resulting in the formation of 1:1 Cu-DNT. Cu-ADNP and Cu-3,5-DNP both
form from their respective alkali metal salts but both have multiple side products also
forming. Cu-ADNP has a minimum of 3 different products forming: 2 polymorphs of
Cu-ADNP and 1-methyl-4-amino-3,5-DNP. Elemental analysis confirms that the
major product is Cu-ADNP. Similarly, the use of K-3,5-DNP also results in multiple
products forming with two identified as Cu-3,5-DNP and 1-methyl-4-hydroxy-3,5-
dinitropyrazole. The use of K-3,4-DNP does not result in the formation of a solid
precipitate but instead forms as a suspected metallogel. The crystal structures of Cu-
ADNP, Cu-3,5-DNP and Cu4(DNT)sClI have all been determined. Thermal behaviour
and detonation performance parameters have been determined for all compounds.
All compounds are shown to be highly temperature stable with all but Cus(DNT)3CI
rivalling the thermal stability of DBX-1. For compounds without defined crystal
densities, the methods of Hofmann and Ammon have been shown to give lower limit
of the expected crystal density. All compounds are predicted to have detonation
velocities approaching that of lead azide and DBX-1 with some( Cuz-TNBI, Cu-
ADNP, Cus4(DNT)sClI) predicted to have performance parameters much higher than
expected of primary explosives. The impact sensitiveness of Cuz-TNBI, Cu-ADNP
and Cus4(DNT)sCl have also been tested and all were found to have sensitiveness’s
towards impact exceeding that of other know primary explosives(DBX-1 and
Pb(Ns)2). All six compounds can be considered a potential DBX-1 alternatives,

however complete characterisation( impact sensitiveness of Cu-2,4/4,5-DNI, Cu(l)-
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3,5-DNP) and long term stability studies must be conducted before an accurate

assessment can be made.
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3.4 Experimental

Syntheses of Na-DNT.2H20,161271 K>-TNBI,[26! Na-3,5-DNP.2H20,121 K-3,4-
DNP.H20,231 K-2,4-DNI,119 K-4,5-DNI.H20!18 and ADNP.H20[?% were performed as
specified in the references given. Product purity was proven by comparison of *H/*3C
NMR, FTIR spectra and unit cell data to the reported values before use in the
Cu(Il)/Cu(l) reduction reaction. FTIR spectra of the alkali metal salts of nitroazoles
can be found in the Appendix.

General Synthesis of Cu(l)-nitroazolates

CuCl2 (320 mg) was added to a beaker and dissolved in 16ml of H20 to form a light
blue solution. The solution was heated to 75 °C at which point the sodium/potassium
nitroazolate (1 equivalent) was added in two portions, letting the solution heat back
up to 75 °C before the second portion was added. Heating is then continued until the
mixture was at 90 °C at which point sodium ascorbate (237 mg in 1.2 ml of water)
was added. Addition was made at a rate of 0.133 ml min-1. After addition for 1.5
minutes the solution was allowed to stir for 4.5 minutes. Addition was then continued
at the same rate as before. Once addition was complete reaction was stirred for 1.5
minutes for a total reaction time of 14 minutes. Precipitates were filtered and washed

with water and IPA before drying under vacuum.
Cu4(DNT)sCl

Following the above procedure afforded a filter residue consisting of Cu4(DNT)sCl as
a wine-red, microcrystalline, free flowing powder. The procedure was carried out
three times with yields ranging from 49.0 to 51.6%, (0.222 to 0.234 g) with respect to
CuClz. IR (nujol) v/ cm™ = 1653, 1625, 1565, 1546, 1530, 1504, 1314, 844, 826,
646. Elemental analysis: calcd. for CusCsN15ClO12 cf. Cu(DNT)o0.75Clo.25, M = 763.79
g molt, C 9.44, H 0, N 27.51%; found: C 9.54, H 0.00, N 26.36% (note: the
experimental values fit best for Cu(DNT)o0.7Clo.3s, C 9.10, H 0, N 26.53%). Copper
analysis found 30.26(+0.56)%, value fits best for Cu(DNT)o0.9Clo.1, 30.36%. Impact
sensitiveness Eso = 1.6(+0.1) J. PXRD data are given in Fig. S2.2. DSC Ton = 267 °C
(dec.), Tpeak = 269 °C, AH = 2343 J g7, 1 K min~t. MALDI (LD+) m/z = 784
([Cu(DCTB)2(DNT)]*), 563 ([Cu(DCTB)2]*), 534 (Cu2(DCTB)(DNT)]*), 313.3
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([Cu(DCTB)]*); MALDI (LD-) m/z = 599.8 ([Cu2(DNT)3]"), 507.8 ([Cu2(DNT)2(C2Ns]"),
467.8 ([Cu2(DNT)2(CN)]"), 378.9 ([Cu(DNT)2]), 286.9 ([Cu(DNT)(C2N3)]), 158 (DNT-

).
Determination of the crystal structure of Cu4(DNT)sCl:

Crystal structure was solved by Tom Roseveare of the University of Sheffield. Below

is a summary of the methods used to determine the structure.

Powder X-ray diffraction data was recorded at the University of Sheffield using a D8
Advance powder X-ray diffractometer with a Cu-K a sealed source. Data was
recorded using a rotating capillary stage between 4 < 2 6 < 80 . Data was initially
analysed using Pawley refinement methods ¢! using TOPAS software; [37-3% followed
by Rietveld methods!*® once suitable unit cell dimensions had been determined.
Rietveld Refinement: Powder diffraction data was initially fitted using Pawley
refinement methods [*¢! in order to obtain suitable unit cell parameters and peak
shape information for fitting using Rietveld methods.[¥”] Preliminary Rietveld fitting
refined the atom coordinates of the two copper atoms and one chloride atom with the
DNT ligand being modelled using a rigid body, by refining six parameters (three
translational and three rotational), which was produced using previously reported
single crystal data of an uncoordinated ligand.*Y! From this preliminary fit it was
apparent that Cul and CI1 were in fact located along a 3-fold rotation (1/3, 2/3, z).
This prompted a second Rietveld fit where x and y for Cul and CI1 were fixed to 1/3
and 2/3, respectively, allowing for z to refine freely. The second copper atom (CuZ2)
was allowed to freely refine (x, y and z) and the rotational/translational parameters of
the DNT ligand were also allowed to refine. These eleven parameters were refined to
convergence, randomise and re-refined for 100,000 iterations in order to determine
the best fit to the experimental data. Upon determining the best fit further refinement
cycles were completed to include refinement of the background, peak shapes and

lattice parameters to produce a final fit for the data.
Cu2-TNBI

The above procedure afforded a brown, microcrystalline, free flowing powder of
Cu2-TNBI (yield 0.400 g, 38.3% with respect to CuCl2). IR (nujol) v/ cm™ = 2608,
2576,1563, 1556, 1553, 1536, 1520, 1526, 1524, 1519, 1505, 1455, 1404, 1338,
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1326, 1296, 1284,1277, 1125, 1015, 850, 814, 762, 757, 753, 742, 733, 725.
Elemental analysis: calcd. for Cu2CeNsOs: C 16.41, H 0.00, N 25.51%; found: C
16.28, H 0.0, N 25.13%. Copper analysis calculated 28.94%, found 28.82(+£0.60)%.
Impact sensitiveness Eso = 1.8(£0.1) . PXRD is given in Appendix 8.21. x = +6x107/
emu g™1. DSC, Ton = 287 °C (dec.), Tpeak = 300 °C, AH = 2425 J g%, 1 K min™%,
MALDI (LD+) m/z = 563 ([Cu(DCTB)2]*), 499 (IDCTB2 — H]*), 472, 313
([Cu(DCTB)J*); MALDI (LD-) m/z = 532 ([Cu2(DCTB)(C3N2(NO2)2]"), 516
([Cu2(DCTB)(C3N2(NO2)(NO)]"), 427 ([Cu(TNBI)(CN)2]7), 287 ([Cu(TNBI)(CN)2 -
C3N2(NO2)(NO)]7), 236 ([TNBI — NO2 — NOJ"), 182 ([TNBI — NO2 — NC-NO2]"); ESI(+)
m/z = 381 ([TNBI, MeCN, N2J*), 353 ([TNBI, MeCN]*), 313 ([H-TNBI]*), 145
([Cu(MeCN)2]*); ESI(=) m/z = 814.5 ([Cus(TNBI)4]?"), 594.6 ([Cua(TNBI)3]%), 473
([Cu2CI(TNBI)]7), 374.8 ([Cu2-TNBI2]%), 312.9 ([H-TNBI]").

Cu-ADNP

The above procedure afforded an orange, microcrystalline, free flowing powder of Cu-
ADNP. Elemental analysis: calcd. for C.H.CuNO. (235.63 g mol-): C 15.29, H 0.86, N
29.72%; found: C 15.35, H 1.19, N 29.62%. Copper analysis calculated 27.073%,
found 26.97%. IR (nujol) v/ cm™ = 3464, 3359, 1657, 1457, 1329, 1299, 1266, 1213,
1002, 852, 758, 720, 656 DSC T..= 296 °C (dec.), T..= 300°C, AH..=2912J g+, 1 K

min-.
Cu-3,5-DNP

The above procedure afforded an orange, microcrystalline, free flowing powder of Cu-
3,5-DNP. Yield: 0.293 g, 56.3 % Elemental analysis: C 16.33, H 0.46, N 25.40%; found:
C 17.1, H 0.54, N 25.23%. IR (nujol) v/ cm™ = 3163, 1547, 1510, 1466, 1378, 1327,
1216, 1084, 1057, 1017, 835, 750. DSC T..= 324 °C (dec.), T..= 325 °C, AH...= 1583.3
J g, 1 Kmin-.

Cu-2,4-DNI

The above procedure afforded an orange/red, microcrystalline, free flowing powder of
Cu-2,4-DNI. Yield 0.280 g, 53.5%. Elemental analysis: C 16.33, H 0.46, N 25.40%;
found: C 16.49, H 0.82, N 25.26%.IR (nujol) v/ cm-1 = 3464, 3359, 1657, 1457, 1329,
1299, 1266, 1213, 1002, 852, 758, 720, 656 DSC T..= 336 °C (dec.), T..= 343 °C,

AH...= 1793 J g+, 1 K min-.
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Cu-4,5-DNI

The above procedure afforded a brown, microcrystalline, free flowing powder of Cu-
4,5-DNI. Yield 0.243 g, 46.4 %. Elemental analysis: C 16.33, H 0.46, N 25.40%; found:
C 16.38, H 0.836, N 24.94%. IR (nujol) v / cm-1 = 3133, 1548, 1519, 1470, 1350,
1314, 1298,1275, 1119, 878, 849, 806, 754, 657 DSC T..= 281 °C (dec.), T...=299 °C,
AH..= 1734 J g+, 1 Kmin-.

Methods for SEM Imaging of Cu2-TNBI, Cus(DNT)sClI, Cu-4,5-DNI:

Cu 200 mesh TEM grids coated with Quantifoil R 2/2 carbon film were glow discharged
before application of the sample. A small number of crystals were transferred to a vial
containing IPA (2 mL) and agitated by hand. A 2 pL aliquot of the crystal/IPA
suspension was pipetted onto the Quantifoil side of the grid and allowed to dry. A
custom-made copper shuttle was used to hold the TEM grids during the imaging
experiments. Imaging was performed using a JEOL JSM-IT100 Scanning Electron
Microscope. An accelerating voltage of 5.0 kV, a working distance of 17 mm and a

probe current of 40 (arbitrary units) were used to image the grids
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4. Novel metal-triazenido coordination compounds as
energetic materials and the synthesis of a new

bis(nitroazolyDtriazenide

4.1 Introduction

Few anionic ligands suitable for use in the formation of energetic coordination
compounds exist. Azido, azolato and the nitrato anion have been extensively
investigated and offer increasingly diminished returns for further research.!
Therefore, the focus of research is shifting towards the attempted discovery of novel
classes of energetic ligands and coordination compounds. Research into this field has
recently resulted in the synthesis of the pentazolate anion, a new energetic ligand.!
With a synthetic procedure known after years of attempted syntheses, research now
focuses on the formation of novel coordination compounds.*! While known, a class of
ligand that deserves an increased focus from energetic material chemists are the
triazenides. The triazenido ligand consists of a negatively charged chain of three
nitrogen atoms which bridges two organic groups (Figure 4.1).

©
N, =~ N
Y a
P e N

R R

Figure 4.1: Structure of the triazenide chain

The coordination chemistry of triazenides is, in general, well understood but little of
this research has focused on the synthesis of energetic coordination compounds.
Many examples of triazenides binding to metal centres are known and a variety of
binding modes have been observed (Figure 4.2).15 Triazenides with non-coordinating
R groups are known to coordinate in monodentate, bidentate or chelating bonding
modes. Nq,Na binding has also been observed in at least one triazenido complex.[!

The inclusion of an R group that can engage in bonding results in more coordination
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modes becoming available with tetradentate and terdentate bonding modes also
known. Known azolyl triazenides show predominantly terdentate Ng binding with R
groups binding to the same metal ion as Ng.[l Other binding modes such as Na, N
and the n® binding mode, whilst speculated upon, have not been found to occur so
far.’l While not extensively investigated, the IR spectroscopy of triazenido complexes
is understood to the extent that information regarding the binding modes of simple
triazenido coordination complexes can be extracted from their FTIR spectra. The
asymmetric triazenido stretch (vas(NNN)) gives rise to the characteristic absorption

band used for identification of the binding mode.

R N R R N R R = N R
\N/ ~. \N//-\\N/ \N/ \N/
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M M M M
1) Monodentate 2) Bridging 3) N, N binding
R
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N R //N—R
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| "Ny \
M M M
4) n? binding 5) Ng binding 6) N, Nj binding
R N R
~N
N e N/
NG M/

7) Na, Ny chelate

Figure 4.2: Binding Modes of the triazenido moiety

It appears that both the chelating and monodentate binding modes have frequencies
for vas(NNN) in the region 1350-1250 cm. Reports by Robinson and Uttley reported
that monodentate triazenido ligands also absorbed at around 1150, 1190-1210 and
1580-1600 cm* unlike their chelate analogues which absorbed only at 1260-1350 and
1580-1600 cm.[lI¥] Absorption bands at 1580-1600 cm are heavily debated and
presumed by many to be related to the respective R groups of the triazenido moiety.!1%
Whilst it is possible that bands found at lower wavenumbers could correspond to

vibrations found only in monodentate triazenides, little has been done to corroborate

145



these claims and so the vas(NNN) remains as the characteristic band of all triazenido
complexes. Kuyper et al. reported that bridging triazenido ligands display a
characteristic vibration at 1350-1375 cm™ and can be used to distinguish between
coordination modes in some simple structures.[*%11 |t is so far unclear where one can
expect to find vas(NNN) in cases where the triazenido anion can be found in a non-
coordinating environment. With few examples of Ng bound triazenides in the literature
it is hard to draw conclusions regarding the position of the vas(NNN) but it appears to
occur at wavelengths around ~1350 cm-1.[7112]

Triazenes are a group of proligands which have only a short history of use in energetic
materials. The high nitrogen content 1,3-bis-[3-(5-amino-1,2,4-triazolyl]triazene was
first synthesised in 1964 and had investigations into its coordination chemistry in a
series of paper in the 1990s(t3li14l  Although these investigations focused on the
magnetic properties of its metal coordination compounds, its high nitrogen content and
easily functionalised amine groups make it a potentially interesting ligand in the search
for novel LFIs. The same researchers also synthesised 1,3-bis(pyrazol-3-yl)triazene
in 1996 which is another potentially interesting energetic ligand due to its two ring
carbon atoms which could be further functionalised to increase the energetic nature of
this ligand (Figure 4.3).1%%]

X— X
/ =\
HN\ /NH
= N AN
N N/ \N N

H

H,BPT: Y=CH, X=CH
H,BATT: Y=N, X=C-NH,

Figure 4.3: Structure of the bis-azolyltriazenes synthesised by Hanot et al.[15: A)

1,3-bis-[3-(5-amino-1,2,4-triazolyl]triazene and B) 1,3-bis(pyrazol-3-yltriazene

In 2009, the Klapotke group investigated bis(methyltetrazolyl)triazenesl*®! as nitrogen-

rich ingredients in solid rocket propellants. They found that these pro-ligands show
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desirable high positive heats of formation (514 — 792 kJ mol™), high decomposition
temperatures (Tdec = 182 to 183 °C), and impact sensitiveness’s comparable to known
primary explosives (2 J to 3 J). These parameters could make for highly temperature-
stable metal compounds whilst also retaining the sensitivity and sensitiveness needed
of a potential LFl. One of the isomers of bis(methyltetrazolyl)triazene, bis(2-
methyltetrazolyl)triazene, had its coordination chemistry towards metal salts
investigated (Figure 4.4).[ IR, NMR, UV-vis, SCXRD and thermal analysis were
conducted on the Fe(ll), Ni(ll) and Co(ll) salts of bis(2-methyltetrazolyl)triazene.
However, bis(1-methyltetrazol-5-yl)triazene was not investigated with no metal
compounds of this ligand currently known. Alongside these azolyltriazenes, only one
triazene containing a nitroazole can be found in the literature. Feng et al synthesised
bis(2-methyl-4-nitro-2H-1,2,3-triazole)triazene from acidic solutions of 2-methyl-4-
nitro-2H-1,2,3-triazole through the addition of NaNO: at 0-5 °C.I'71 with a
decomposition temperature (Tdec) Of 181 °C and other good physical and chemical
properties, this compound could find use in energetic formulations. As the use of
triazenes as energetic materials has been only briefly investigated, we elected to
investigate the synthesis of coordination compounds of the known bis(1-
methyltetrazol-5-yl)triazene to form potential LFI’s (for use in either detonators or
igniters depending on the properties of the compounds) and into the synthesis of novel

triazenes.

Figure 4.4: Crystal structure of Fe(bis(2-methyl-tetrazol-5-yl)triazenide)., Atom
Colours: Blue = Nitrogen, Black = Carbon, Green = Iron, White = Hydrogen, image

reproduced with permission from ref(’ll
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Research Questions

e Can metal compounds of bis(1-methyl-tetrazol-5-yl)triazene be made, purified
and characterised including their crystal structures?

e With the tests available in the research group do any of these metal compounds
meet the requirements expected of any potential LFIS?

e Can novel azolyltriazenes be synthesised?

4.2 Results and Discussion

4.2.1 Synthesis of Na- bis(1-methyl-tetrazol-5-yl)triazenide pentahydrate

With a high positive heat of formation and Tdec, bis(1-methyl-tetrazol-5-yl)triazene
(BIMTT) was an ideal compound to target for synthesis as a precursor to novel
energetic metal-triazenides. As described earlier, bis(1-methyl-tetrazol-5-yl)triazene
had been prepared as both the free acid and its sodium salt by Klapotke et al.[*6l and
has been previously synthesised in this research group.**!
Bis(1-methyl-tetrazol-5-yl)triazene is synthesised by diazotisation of half a
molar equivalent of 1-methyl-5-aminotetrazole in HCI and subsequent reaction with
the other half of the 1-methyl-5-aminotetrazole starting material to form the triazene
chain (Figure 4.5). Bis(1-methyl-tetrazol-5-yl)triazene precipitates from solution and is
immediately used without further purification to synthesis Na-bis(1-methyl-tetrazol-5-
yhtriazenide (Na-B1MTT). Off-white bis(1-methyl-tetrazol-5-yl)triazene is reacted with
an equimolar amount of NaOH to form its sodium salt Na-B1MTT. The solvent was
removed under vacuum and the pale-yellow residue was recrystallised from water to
form the sodium salt as its pentahydrate. Comparison of the FTIR spectrum to
internally known values confirmed the identity of this compound.® Once Na-
B1MTT.5H20 had been synthesised, its reactions with aqueous solutions of metal ions

were investigated.
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Figure 4.5: Synthesis of Na-B1MTT.5H.0

4.2.2 Synthesis of Metal-triazenido compounds
For FeCl2.4H20, Zn(I1)Clz, Ni(I1)Clz, Co(l1)(NO3)2 and Pb(Il)(NOs)2 the addition of a two-
fold molar amount Na-B1MTT.5H20 resulted in the immediate precipitation of coloured

precipitate (Table 4.1).

Metal Salt Metal: Triazenide Precipitate Yield/ %
molar ratio formation and (Assuming
colour formation of
M(BIMTT)2)
FeCl».4H.0O 1:2 Dark Green | 72.3
precipitate
ZnCl; 1:2 Light Yellow | 46.6
precipitate
NiCl 1:2 Bright Red | 52.2
precipitate
Co(NOs)2 1:2 Mauve precipitate 65.3
Pb(NOs). 1:2 Bright Yellow | 80.2
precipitate

Table 4.1: Reactions of Na-B1MTT.5H>0 with metal salts
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4.2.3 Elemental analysis of metal-triazenides

Elemental analysis was used to inspect the purity of the freshly precipitated metal

triazenido compounds prior to any recrystallisation attempts (Table 4.2).

C% H% N%
Ni(BIMTT)2 Expected 20.23 2.55 64.87
Found 18.58 2.90 58.06
Fe(BIMTT): Expected 20.35 2.56 65.26
Found 19.67 2.71 63.36
Co(B1MTT)2 Expected 20.22 2.55 64.84
Found 19.41 2.84 62.80
Zn(B1MTT)2 Expected 19.95 2.51 63.97
Found 18.02 3.00 55.74
Pb(B1MTT)2 Expected 15.41 1.94 49.42
Found 15.18 1.85 49.20

Table 4.2: Elemental analyses of metal-triazenido complexes

With the exception of Pb(B1MTT)2, none of the solids precipitate as pure 1 : 2 metal
triazenides. For both Co and Fe, the inclusion of one water molecule in the crystal
gives expected EA values within the acceptable tolerances (<0.5% difference between
expected and found values) and confirms the precipitated solids as Co(B1MTT)2.H20
and Fe(B1MTT)2.H20. With Ni(BLMTT)2 having the exact same number of absorption
bands associated to water as the Fe/Co compounds (See Vibrational spectroscopy,
Figure 4.6 ) one can reasonably assume that the precipitate formed on addition of Na-
B1IMTT.5H20 to NiClz is Ni(B1MTT)2.H20 albeit in a more impure form than that for
Fe/Co as even accounting for the water molecule gives expected EA values outside
the acceptable tolerances (Ni(BIMTT)2.H20: Expected EA: C, 19.48; H, 2.86; N,
62.48%). Zn(B1MTT)2 seems to precipitate as a similarly impure solid with an unknown

impurity present.
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4.2.4 Vibrational Spectroscopy
FTIR spectra for all precipitated solids were compared to that recorded for Na-
B1MTT.5H20 (Figure 4.6). The assumed triazenide coordination complexes of Co, Fe
and Ni all precipitate as hydrates, with the absorption bands associated with H20
visible at ~1630 cm™* and 3530-3615 cm™.
1.5

Zn Product

—— Pb Product
—— Fe product
—— Co product
—— Ni product

Absorbance

0.5

| ! I ' I ' | ! | ! | ' I ' 1
3700 3600 3500 3400 3300 3200 3100 3000
Wavenumber/ cm™

Figure 4.6: Series of FTIR spectra of metal-triazenido complexes in the range 3700-3000 cm’

1 Ni(BIMTT). (pink), Co(B1IMTT). (green), Fe(BIMTT), (blue), Pb(BIMTT), (red),
Zn(B1MTT), (black)

Co and Ni also show a high degree of similarity in their FTIR spectra with only small
shifts of peak position from each other and few additional peaks found in their spectra.
This suggests that these compounds are found in similar metal : ligand ratios and
possibly implies that these compounds form as very similar coordination compounds.
While broadly similar to Ni/Co the Fe compound does show larger shifts and more
additional bands than that found between Ni and Co. While the number of bands is
not so large as to imply a vastly different metal : ligand ratio it does suggest that the
Fe compound could have a differing type/strength of interaction with the BIMTT
ligand. However, the general trends for the precipitated powders are consistent across
these three metal compounds. Coordination to metal cations results in the shift of
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absorption bands and in some cases absorption bands found in the spectrum of the
sodium salt are now split. Shifts to higher/lower frequency can be attributed to the
change from a predominantly ionic salt with coordinatively dominant Na-OHz bonds
towards a more covalent interaction between metal and ligand with coordination
dominated by metal-nitrogen bonds.

Compounds formed from the addition of Na-B1MTT.5H20 to ZnCl2/Pb(NOs3)2
are distinct from Fe/Co/Ni in the fact that they precipitate out as anhydrous powders.
This is clear in the IR spectra of both compounds with a lack of H20 absorption bands
in the regions 3000-3500 cm™ and 1600-1700 cm. Both the zinc and lead compounds
follow similar trends to each other with bands shifted or split when compared to the
sodium salt.

The assignment of vas(NNN) is important for the interpretation of triazenide
binding mode from FTIR data. Bis(1-methyl-tetrazol-5-yl)triazene is reported as having
vas(NNN) in the range 1430-1470 cm. As reported for the bis(2-methyl-tetrazol-5-
yhtriazenide compounds, deprotonation and coordination of the triazenide results in
vas(NNN) appearing in the region 1310-1340 cm™ (Figure 4.7). This effect is also
reported by Klapttke for the sodium salt of bis(1-methyl-tetrazol-5-yl)triazene.
Therefore, we assign the band at 1305 cm™ in the spectrum of Na-B1MTT.5H20 as
vas(NNN) and expect to see shifts in this band upon coordination to metal centres. The
symmetric stretch of the triazene chain is not assigned due to its reported low intensity
in an already crowded part of the FTIR spectra (1200-1350 cm™). Upon coordination,
the band at 1305 cm™ can be seen to shift for all triazenes to higher wavenumbers
(Ni:1321 cm?, Co: 1318 cm'%, Zn: 1326 cm™, Fe: 1310 cm™, Pb: 1311 cm™). Shifts to
higher wavenumbers are similar to that seen for the Ni/Co coordination compounds of
bis(2-methyl-tetrazol-5-yl)triazenide ( Ni: 1320 cmt, Co: 1327 cm) and may indicate
that similar binding is present in the metal compounds of bis(1-methyl-tetrazol-5-
yDtriazenide (Ni/Co compounds of bis(2-methyl-tetrazol-5-yl)triazenide present as
chelating Ng binders with bonds from tetrazole groups to the metal centre). With a shift
to 1350-1375 cm* expected for bridging triazenides and no intense additional bands
found in this region of the spectra, we can be certain that this binding mode is not
present in these compounds. However, as the observed absorption bands appear in
a similar region of the spectra to that expected of triazenides bound in a monodentate
fashion it would be unwise to draw definitive conclusions on binding from assignment
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of vas(NNN) alone. Evidence for binding interactions of the 1-methyltetrazole side arms
can be found in the FTIR spectra of these compounds.

Zn Product
—— Pb Product

2.0 + Fe product
Co product /\\ 0\

— Ni product
Na-b1mtt.5H20

1.5 1

Absorbance

1.0 5

0.5

14I4O | 14I20 | 14IDD | 13I80 | 13I60 | 13I4O | 13I20 | 13IOD | 12I80 | 12I60 |
Wavenumber/ cm™
Figure 4.7: Series of FTIR spectra of metal-triazenido complexes in the range 1440-
1250 cmi, Ni(BIMTT)2 (pink), Co(B1MTT). (orange), Fe(B1MTT). (blue),
Pb(B1IMTT)z (red), Zn(B1MTT): (black), Na-B1MTT.5H.0 (green)

As shown by Bigotto et al., 1-methyl-5-amino-tetrazole has easy to identify ring
stretches at 1595 cm with a relatively intense deformation mode found at 791 cm™?
as discussed previously these can be reasonably well correlated with the bands found
at 1512 and 809 cm™ in Na-BIMTT.5H20 (Figure 4.8). Assuming the band
assignment in the sodium salt is correct, these bands can be used to see how
coordination to a metal centre has affected the ring vibrations. In all cases shifts of
these absorption bands were noted. The band at 1512 cm™* does show shifts to higher
frequency in all cases but differs depending on the metal cation with the Fe compound

showing the largest shift with the band appearing at 1574 cm™ and Zn showing the
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smallest shift with only a 1-2 cm* shift. The band at 809 cm! shows less consistent

trends upon coordination to metals.

2.5 -

Zn Product
—— Pb Product

Fe product
—— Co product

2.0 4 |—— Ni product
Na-b1mtt.5H20

Absorbance

0.0 " " T .
1600 1580 1560 1540 1520 1500 1480 1460 860 840 820 800 780

/ L
I U L L L Y L T

Wavenumber/ cm’”
Figure 4.8: Series of FTIR spectra of metal-triazenido complexes in the range 1600-
1460 cm and 860-770 cm*, Ni(BIMTT)2 (pink), Co(B1MTT). (orange), Fe(B1IMTT):
(blue), Pb(B1MTT)2 (red), Zn(B1MTT)2 (black), Na-B1MTT.5H20 (green)

For some metals (Fe and Co) a shift to higher frequency is recorded, for Ni and Pb
only minor shifts of 1-2 cm™ to lower wavenumbers are found and for Zn the band
appears to disappear completely and is replaced with a very broad band from 770-810
cm. In all cases the ring vibrations are affected by coordination to the metal centre.
While speculative, one could argue that the Fe compound has the strongest affinity for
B1MTT binding because of the large shifts seen in its absorption bands compared to
the other compounds. Zn appears distinct from the other triazenide compounds with

disappearance of some ring stretches and shifts to higher frequencies when all other
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triazenide compounds shift to lower frequencies. This could indicate that Zn does not
bond as strongly as the other compounds or may be found to coordinate differently to
the other compounds. Attempts were made at growing single crystals for structural

analysis to corroborate the structural information gleaned from FTIR analysis.

4.2.5 Structural determination of Ni(B1MTT)2.(CH3)2CO

Ni(BLMTT)2.H20 proved to be insoluble in almost all solvents except for DMSO and
DMF with the compound also being sparing soluble in acetone. Recrystallisation of
Ni(B1MTT)2.H20 could be achieved with 30 mg of the crude material dissolving in 150
ml of acetone but this did not result in the growth of crystals of sufficiently quality for
structural determination. However, X-ray quality crystals could be formed during
attempts at bulk purification of the crude Ni(BIMTT)2.H20. When attempting
purification via Soxhlet extraction, non-uniform condensation of the acetone vapour on
the walls of the Soxhlet extractor resulted in small amounts of the crude solid not
meeting a continuous flow of acetone during the course of the extraction. Instead,
these uncontacted solids were simply “wet” with condensed acetone vapour. In these
areas, large dark red crystals had grown instead of being extracted (Figure 4.9).
Isolating these crystals and allowing any residual acetone to evaporate resulted in the
formation of an air stable, dark red crystalline material with an amount of this material
assumed to be inorganic solids insoluble in the acetone extraction solution. SCXRD
was used to identify the composition of the crystal. SCXRD proved the composition of
the red crystals to be Ni(B1IMTT)2.(CHz3)2CO (Figure 4.9). It therefore appears that for
these crystals the acetone has instead extracted the water present in the crude sample
and recrystallised the Ni compound as its acetone co-crystal. Ni(B1MTT)2.(CH3)2CO
crystallises in the Pbca space group.
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Figure 4.9: Top left Inset: Crystals of Ni(BLMTT)2.(CHz).CO at 4x zoom, Centre:
Projections of the thermal ellipsoids in the molecular structure of the crystals of
Ni(BIMTT)2.(CHz3)2CO, (CHz3)2CO and hydrogens removed for clarity, Atom Colours:
Blue = Nitrogen, Grey = Carbon, Green = Nickel, White = Hydrogen
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Two triazenido ligands bind to the Ni centre each in a tridentate chelating manner
(Figure 4.9). Each triazenido ligand binds in the same manner with binding
interactions to Ni taking place through N4, N6 and N11. No other binding interactions
take place through any of the other nitrogens of the triazenide. Each Ni(B1IMTT)2 unit
therefore forms as monomeric units with only van der Waals forces determining the
crystal packing. Each Ni(B1MTT)z unit forms as a distorted octahedron with the N6-
Ni-N6 angle being 170.41(1)° and the two N4-Ni-N11 angles being 151.51(1)° and
150.97(1)°. N-Ni bonds range from 2.071(3)-2.089(3) A with ring nitrogen-nickel bond
length being very slightly shorter on average than triazenide chain nitrogen-nickel
bond length (2.079 vs 2.083 A). 8 units of Ni(BIMTT):2 sit inside the unit cell with 8
acetone molecules also present. No strong interactions between acetone and
Ni(B1IMTT)2 can be said to take place, though a weak hydrogen bond between C-H of
acetone and N3 of a tetrazole ring can be observed.

4.2.6 Structural determination of Co(B1MTT)2.(CHz3)2CO

The mauve precipitate proved to be insoluble in most common solvents similar to
Ni(BLMTT)2.H20 and was also found to be sparingly soluble in acetone. Dissolution of
40 mg of the crude material in 150 ml of acetone followed by slow evaporation of the
solvent resulted in the growth of large, thick, hexagonal crystals (Figure 4.10). SXRD
was used to identify the composition of the crystal. Co(B1MTT)2 crystalises in the
space group P21/n with a disordered acetone molecule. Each triazenido ligand binds
in a tridentate chelating manner through N4, N6 and N11. Each Co(B1MTT)2 unit forms
a distorted octahedral shape with no bonding interactions between Co(B1MTT)2 units;
only van der Waals interactions define their crystal packing. Three units of
Co(B1MTT)2 are present in the unit cell with 3 disordered acetone molecules. Each
Co(B1MTT)2 unit forms as a distorted octahedron with the N6-Co-N6’ angle being
164.66(2)° and the two N4-Co-N11 angles being 146.56(2)° and 147.69(2)°. N-Co
bonds range from 2.101(6)-2.143(6) A with ring nitrogen-cobalt bond length being

shorter on average than triazenide chain nitrogen-cobalt bond length (2.111 vs 2.143

A).
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Figure 4.10: Left: Hexagonal shaped crystals of Co(B1MTT)2.(CH3)2CO at 4x zoom,

Right: Projections of the thermal ellipsoid in the molecular structure of the crystals of

Co(B1MTT)2.(CH3)2CO, (CH3).CO and hydrogens removed for clarity, Atom Colours:
Blue = Nitrogen, Grey = Carbon, Dark Blue = Cobalt, White = Hydrogen
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4.2.7 Structural determination of Fe(B1MTT)2.(CH3)2CO and comparison to
Ni(B1MTT)2.(CH3)2CO and Co(B1MTT)2.(CH3)2CO

Unlike the previous triazenide complexes, Fe(B1MTT)2.H20 proved to be highly
soluble in acetone. Dissolution of 150 mg of the crude material in 150 ml of acetone
followed by slow evaporation of the solvent resulted in the growth of large, dark green,
rectangular crystals (Figure 4.11). SXRD was used to identify the composition of the
crystal. SCXRD confirmed the crystallised compound to be Fe(B1MTT)2.(CHz3):20.
Fe(B1MTT)2.(CH3)2CO crystallises in the P21/n space group. Two triazenido ligands
bind to the Fe centre each in a tridentate chelating manner (Figure 4.11). Each
triazenido ligand binds in the same manner with binding interactions to Fe taking place
through N1, N7 and N13. No other binding interactions take place through any of the
other nitrogen of the triazenide. Each Fe(B1MTT)2 unit therefore forms as monomeric
units with only van der Waals forces determining the crystal packing. Each
Fe(B1MTT)2 unit forms as a distorted octahedron with the N6-Fe-N6’' angle being
175.1(4)° and the two N4-Fe-N11 angles being 157.46(4)° and 157.18(4)°. Three units
of Fe(B1MTT):z sit inside the unit cell with 3 acetone molecules also present. N-Fe
bonds range from 1.906(9)-1.948(1) A with ring nitrogen-iron bond lengths being
longer on average than triazenide chain nitrogen-iron bond length (1.936 vs 1.917 A).
No strong interactions between acetone and Fe(B1MTT)2 can be said to take place.
Comparisons between the common bond angles, lengths and coordination modes of
metal compounds of BIMTT can be made to observe trends across this family of
compounds. The internal bond lengths of the tetrazolyl groups of BIMTT follow
broadly similar trends across their metal coordination compounds. N1-N2/N8-N9 and
N3-N4/N10-N11 bond lengths are on average the longest found with fairly large
differences between the shortest and longest values. N1-N2/N8-N9 values vary the
most across tetrazoles in each compound but as an average are quite similar in value
across each of the metal compounds. Co and Fe have similar average values and
ranges for N3-N4/N10-N11, however Ni has the longest average N3-N4/N10-N11
length with a narrower range of values. N2-N3/N9-N10 and Ctetrazole-Ntetrazole bOnd
lengths are found to be shorter on average than N1-N2/N8-N9 and N3-N4/N10-N11

across all coordination compounds and are broadly similar in both range and value
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Figure 4.11: Left: Dark green crystals of Fe(B1MTT)2.(CH3).CO at 4x zoom; Right:
Projections of the thermal ellipsoid in the molecular structure of the crystals of
Fe(B1MTT)2.(CHz3)2CO, (CH3)2CO and hydrogens removed for clarity, Atom Colours:
Blue = Nitrogen, Grey = Carbon, Orange = Iron, White = Hydrogen,
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between Fe, Co and Ni except for two anomalously short Cietrazole-Ntetrazole bONd for Fe
at 1.310(1) A. N2-N3/N9-N10 bond lengths are consistently the shortest across all
coordination compounds and breaking this bond is the most likely first step in tetrazole
decomposition to form Nz. Ni has the smallest range of values for N2-N3/N9-N10 whilst
also having on average the longest N2-N3/N9-N10 bond. Both Co and Fe have a wide
range of values for N2-N3/N9-N10 lengths with each possessing at least one N2-
N3/N9-N10 length substantially shorter than that of Ni (Shortest bonds: Ni: 1.293(4) A,
Co: 1.275(9) A, Fe: 1.265(1) A). Providing that tetrazole decomposition and elimination
of Nz is the first stage of the decomposition of BIMTT this could be an indication that
Co and Fe are more thermally unstable than the Ni salt. The length of the N-N bonds
in the triazene chain show some similarities for Co and Ni and slight differences for
Fe. Both Ni and Co have two types of triazene chain present in their ligands, one chain
where both the N5-N6 and N6-N7 bond lengths are near identical and one which
features a shortened N5-N6 compared to the N6-N7 bond length. Fe is again different
in that the difference between N5-N6 and N6-N7 bond lengths is lower than for either
Co/Ni. The average of the N-N bond lengths of the triazene chain for each BIMTT unit
is broadly the same for Ni and Co while Fe features a small but much more substantial
difference in the bond length averages of the triazene chain of its two BIMTT units.

Fe(B1MTT)2 has much shorter metal-nitrogen bonds than for either Co or Ni.
Fe is also unique in the fact that the Fe-N6 bond length is shorter than the average
Fe-N4/N4’ distance, in both the Co and Ni complexes it is the M-N4/N4’ distance
which is shorter. As a result of this and to account for steric repulsion Fe(B1MTT)2 has
the largest average N-M-N angle at 157.32° compared to Ni (151.22°) and Co
(147.125°).

It is important to compare these trends in bond lengths to other related
compounds to see if the trends present can be said to originate as a result of the metal
present or as a ligand effect. The most closely related compound to the
M(B1MTT)2.(CH3)2CO compounds are the coordination compounds of bis-2-
methyltetrazol-5-yl)triazenide (B2MTT) for which the Fe, Co and Ni compounds are
known.!”l Much like the M(B1MTT)2, compounds Fe(B2MTT)2 has consistently shorter
metal-nitrogen bond lengths than for Co(B2MTT)2 or Ni(B2MTT)2. For the Co
compounds, Co(B2MTT)2 has substantially shorter Co-N bond lengths than
Co(B1MTT)2 regardless of the environment of the coordinating N atom (Ntetrazole VS
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Ntriazenide).[] Likewise Ni(B2MTT)2 has slightly shorter Ni-Ntetrazole bonds substantially
shorter Ni-Nuiazenide bonds. This trend flips for the Fe compounds with Fe(B1MTT)2
having shorter Fe-N bonds than that for Fe(B2MTT)2. Not only are the bond length
changes different for each metal, the trends regarding length of M-Ntetrazole VS M-
Ntriazenide @lSO change. For Co(B1MTT)2 and Ni(B1IMTT)2, the average Co-Nietrazole/Ni-
Ntetrazole bond length is shorter than Co-Nuiazenide/Ni-Ntiazenide Whereas for
Co/Ni(B2MTT)2, Co/Ni-Ntetrazole is Now substantially longer than Co/Ni-Nrriazenide. FOr Fe
this effect does not happen and Fe-Nrriazenide iS consistently the shortest Fe-N bond in
both BIMTT and B2MTT compounds. One would expect consistency in regard to
these bond lengths with either the B2ZMTT or the BIMTT compound consistently
having longer/shorter M-N bond lengths. It can be reasonably assumed that the
changes to both sigma donor capabilities and steric repulsion effects when going from
B1IMTT to B2MTT have some role to play in this, but these phenomena are still not
fully understood.

Comparison to other homoleptic Fe/Co/Ni compounds can also be made to view
trends regarding Fe, Co and Ni compounds. The structures of hexaamino-metal(ll)-
halides were published by EBman et al. and serve as a good comparison for both Fe
vs Ni structures and gives more data for comparisons of Fe vs Co.[2% [Fe(NHz)s]Cl2
has longer M-N bonds than that found for [Ni(NHs)s]Cl> (2.207 vs 2.107(2) A) and
[Fe(NH3)s]Br2 has longer bonds than that found for [Co(NH3)s]Br2 (2.216 vs 2.176 A).
This directly contrasts the results found for Fe(B1MTT)2 and Ni(B1IMTT)2 where the
Fe compound had the much shorter M-N bonds for both Ntetrazole @and Niriazenide. This
can be explained by observing the spin states of the metal ions. The hexaamino-
metal(ll) halides have all been measured to be high spin complexes.!? High spin Fe
has electrons occupying the two degenerate eq orbitals resulting in greater repulsion
along the ligand axis and therefore increased bond lengths. As it is known that the
M(B2MTT)2 compounds are low spin it is reasonable to assume a similar spin state for
the M(B1MTT)2 compounds due to the similarity of the ligands.[”) If the M(B1IMTT)z are
low spin then this would help to explain the apparent differences to the [M(NH3)e]?*
complexes. Low spin Fe?* would result in occupation of only the t2g set of orbitals
resulting in less repulsion along the ligand axis (observed as Fe(B1MTT)2 has the
shortest metal-nitrogen bond lengths). Low spin Co?* would have a singly occupied eg
orbital, resulting in Jahn-Teller distortion and a compression or elongation of the
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ligands bond lengths (potentially seen with the elongation of the triazenide axis,
resulting in Co(B1MTT)2 having the longest metal-triazenide bond). Low spin Ni?* has
the same electron configuration as high spin Ni?* and so has the smallest change in
both its bond lengths compared to its hexaamino complex and also has the smallest
average difference between M-Nuiazenide and M-Nretrazole. The spin state of the
M(B1MTT)2 compounds should be determined through magnetic measurements to

confirm this explanation.

4.2.8 Attempts at recrystallisation of Zn(B1MTT)2 and Pb(B1MTT)2

Much like both the Co and Ni compounds, small amounts of Zn(B1MTT)2 could be
dissolved in acetone however, recrystallisation to form single crystals of sufficient
quality for SCXRD could not be achieved in this manner. Pb(B1MTT)2 proved insoluble
in all solvents except DMF and DMSO and could not be recrystallised to obtain

structural information.

4.2.9 Metal compounds of bis(1-methyl-tetrazol-5-yl)triazene as potential lead-

free energetic materials

Thermal analysis of the metal compounds of bis(methyltetrazolyl)triazene was
investigated with DSC (See Appendix 8.6-8.64). Onset temperatures, peak
temperature and enthalpies of decomposition were calculated from their data (Table
4.3). All compounds proved to be highly temperature stable with the least thermally
stable, Fe(B1MTT)2.(CHs3)2CO, possessing an onset temperature of 268.4 °C and the
most thermally stable, Ni(BLMTT)2, possessing an onset temperature of 321.8 °C. The
results of thermal analysis are in agreement with the tends predicted from analysis of
tetrazole N-N bond length with Fe(BIMTT)2.(CH3)2CO (1.265(1) A for N2-N3/N9-N10)
being far more thermally unstable than the Ni/Co compounds. This result does lend
evidence to the theory that N2-N3/N9-N10 cleavage is the first step in metal-triazenide
decomposition. Following from this it is reasonable to suggest that Zn(B1IMTT)2 may
also possess a shortened N2-N3/N9-N10 bond whilst Pb(B1MTT)2 could have a N2-
N3/N9-N10 bond length similar to that found in the Ni/Co compounds assuming that
the decomposition pathway is the same. All compounds possessed decomposition
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temperatures above that required for any potential LFI (Ton>200 °C) highlighting the
potential for use of these compounds as lead azide or lead styphnate replacements

(excluding Pb(B1MTT)2) dependent on the results of other tests.

Metal-triazenide Onset Peak Enthalpy of | Enthalpy of
temperature | temperature | decomposition | decomposition
, Ton/ °C , Tpeak/ °C /1Jg* / kJ mol?

Fe(B1IMTT)2.(CHs)2 | 268.4 279.0 1303 675

O

Co(B1IMTT)2.H20 310.5 3115 1331 681

Ni(BIMTT)2.H20 321.8 324.4 1304 667

(Crude)

Zn(B1MTT)2 (crude) | 267.7 276.4 1545 744

Pb(B1MTT)2 3124 319.0 1138 710

DBX-1 294.0 305.6 1653 294

Table 4.3: Comparison of the onset temperature of decomposition, peak temperature
of decomposition and enthalpy of decomposition of metal-triazenide compounds and
DBX-1

The compounds also possessed high enthalpies of decomposition which molar
enthalpies of decomposition much greater than that found for the prospective LFI DBX-
1. Once more the molar enthalpy of decomposition can be used for estimation of the
heat of formation which, alongside crystal densities estimated according to the
methods stated previously, can be used for calculation of heat of detonation,
detonation velocity and detonation pressure (Table 4.4). For all metal triazenido
compounds, values for Q, D and P are in the range expected of primary explosives
(Table 4.4). All compounds are found to have lower predicted detonation velocities
and pressures than that found for lead azide and DBX-1. While high values for Q, D
and P are not essential for a prospective LFI it is still important to maintain similar
values to those found for lead azide and while in all cases the metal triazenides do not
match lead azide they are not so low as to rule out these compounds as potential

LFI's. The phlegmatizing effect of H2O and (CH3s)2CO on the Ni,Co an Fe compounds
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is also apparent with all possessing lower detonation pressures and velocities than
that found for Zn and Pb. Once desolvated the Fe/Co/Ni compounds could have
estimated detonation velocities as high as that calculated for Pb(B1MTT)..
Comparisons to DBX-1 show that across all parameters, DBX-1 proves to be the
higher performance explosive. While the metal triazenides possess high heats of
formation, the low densities compared to DBX-1 are the cause for the comparably low
detonation velocities. However, with the challenges of DBX-1 synthesis shown, the

metal triazenides could hold potential as alternative lead azide or lead styphnate

replacements.

Metal-triazenide AH4/kJ AHi/kJ |p/ g|Q/Jg?t |P/kbar |D/ km
mol-? mol-t cm3 st
Fe(B1MTT),.(CH3).CO 675 273.2 |1.587 | 1289.0 91.02 4.667
Co(B1MTT)2.H20 681 442.3 |1.702| 1397.8 105.73 4.919
Ni(B1IMTT)2.H.O 667 428.2 |1.713| 1369.7 106.07 4.917
Zn(BIMTT): 744 728.8 |1.629 | 1565.8 | 108.38 | 5.050
Pb(B1IMTT): 710 702.2 |2.059 | 1150.5 147.75 5.501
DBX-1 294 -49.9 | 2584 | 1695.6 | 219.97 | 6.341
Pb(Ns)2 - - 4.763 - 338 5.920

Table 4.4: Comparison of the heats of decomposition (AHd), calculated heats of
formation of the metal triazenides (AHy, estimated densities(densities estimated using
the methods of Ammon and Hofmann,[211i22] heat of explosion (Q), detonation velocity
(D) and detonation pressure (P) values for metal-triazenide compounds compared to
know values of DBX-1 and Pb(Ns)2

4.2.10 Long term water stability

The long-term water stability of each compound was also tested. 20 mg of each salt
was added to sealed vials of deionised water and left submerged for two months. After
two months the samples were filtered, dried and through both inspection and analysis
of FTIR spectra were inspected for signs of decomposition. Samples of Pb(B1MTT)z,

Co(B1MTT)2.H20 and Fe(B1MTT).(CHs)2CO showed no changes in their FTIR spectra
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except for a noticeable exchange of acetone for H20 in the case of
Fe(B1MTT).(CHs)2CO forming Fe(B1MTT)2.H20 (Appendix 8.32, 8.33 and 8.36). The
M(B1MTT)2 moiety can be considered water stable for long periods of time in these
cases. Zn(B1MTT)2 shows some minor changes to its absorption bands following
water immersion (Figure 4.12). Some bands appear less well resolved while others
feature more prominently in the spectrum. This could be due to poor mulling during
sample preparation or due to decomposition, further investigation of this solid is
required. However, as these changes are relatively minor it can be stated that the
majority of the Zn(B1MTT)2 has not decomposed during the 2-month immersion in
water. Ni(B1MTT)2.H20 shows the largest changes during its water immersion (Figure
4.13). Three new intense absorption bands can be seen in the range 1250-750 cm .
It is unlikely a new hydrate is forming due to no changes appearing in the 4000-3000
cm range. It is possible this is indication of decomposition, but the product of this

decomposition is currently unknown.
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Figure 4.12: Series of FTIR spectra in the range 4000-500 cm™, Zn(BIMTT): (red),

Zn(B1MTT), following immersion into water for 2 months (black)
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Figure 4.13: Series of FTIR spectra in the range 4000-500 cm-1, Ni(BIMTT)2.H20
(red), Ni(BIMTT)2.H20 following immersion into water for 2 months (black)

With all peaks associated with Ni(B1MTT)2.H20 remaining in the spectrum the
analysis suggests that the Ni(BIMTT)2 moiety has mostly survived 2 months of water
immersion , but this cannot be proven until further analysis in the form of elemental

analysis is recorded
4.2.11 Impact Sensitiveness

Impact sensitiveness of the compounds could not be recorded during this research
project and so these products have not yet been proven to be initiatory materials. The
presence of acetone and H20 in the Fe/Co/Ni compounds could have an effect on the
sensitiveness to impact of the compounds (decrease/increase of phonon mode up-
pumping efficiency) so each compound must have its sensitiveness recorded both
before and after desolvation to observe the effect of the crystallisation solvent on

sensitiveness. For the Ni/Zn compounds, compound purity must also be proven as the
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crude materials may also have their sensitiveness towards impact affected by the
assumed non energetic inorganic material present in the crude material. Until the
sensitivity and sensitiveness of the compounds can be established, the compounds

cannot be viewed as viable LFI’s for use in either detonators or igniters.

4.2.12 Addition to Cu(ll): Formation of a mixed ligand coordination compound

Using CuClz as the metal salt gave a change in reaction product. Unlike with the other
metals salts, the addition of BLMTT to CuCl2 resulted in the formation of a dark brown
solution with no precipitation. Slow evaporation of the dark solution led to the formation
of dark brown crystals. Flame tests of the material showed no explosion with just a
simple decomposition observed leaving behind a black residue. Single crystal X-ray
diffraction helped to prove the identity of the dark brown crystals as
Cu(B1MTT)CI(H20). The crystal structure shows the Cu(ll) coordination centre to have
an octahedral geometry (Figure 4.14). The coordination sphere is made up of 3 bonds
to the triazenido ligand, two to the ring nitrogen atoms of tetrazole, and one to the
central nitrogen of the triazene bridge. The other coordination sites are occupied by Cl
and H20. Each Cl bridges between two copper atoms and has one short (2.227(9) A)
and one long (2.847(9) A) bond. Cu(BIMTT)CI(H20) forms as long chains of
complexes, bound together through the CI-Cu bond. Hydrogen bonding is present in
the crystal but in both the layers and between layers. Hydrogen bonding in the layer
is present between the hydrogen atoms of the water molecule and Cl and hydrogen
bonding between layers is found between hydrogen atoms of the water molecules and
a nitrogen of the triazene chain. As a mixed azolyltriazenido-chlorido-copper
coordination compound it is important to compare bond lengths and angles common
to other azolyltriazenido-chlorido-copper coordination compounds if structures are
known. Cu(1,3-bis(3-(5-amino-1,2,4-triazolyl)triazenido)CIl.H20 (Cu(BATT)(CI).H20),
first synthesised by Hanot et al.,[*®l provides an excellent reference compound to
compare alike bonds and structural motifs. Like for Cu(B1MTT)(CIl)(H20), the 1,3-
bis(3-(5-amino-1,2,4-trizolyl)triazenido (BATT) ligand also coordinates to the Cu atom
in a tridentate mode. Both compounds also feature two bonds to from Cu to Cl resulting

in a similar chain structure developing.
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Figure 4.14: Left: Projections of the thermal ellipsoid in the molecular structure of
the crystals of Cu(B1MTT)(CI)(H20), hydrogens removed for clarity; Right: Chains of
Cu(B1MTT)(CI)(H20), Atom Colours: Blue = Nitrogen, Grey = Carbon, Orange =
Copper, White = Hydrogen, Green = Chlorine, Red = Oxygen

Unlike Cu(B1MTT)(CI)H20, Cu(BATT)(CI).H20 does not see coordination of the water
molecule to the Cu atom and instead it is present only in the crystal. This results in the
formation of a stair-like chain structure held together only through bonds between Cu
and Cl. Cu(B1IMTT)(CI)(H20) does not form the stair-like chain and instead forms an
infinitely extending skew polygon chain between Cu and CI with the chain also held
together by the weak hydrogen bonds from H20 towards the Cl (2.39 A). The effect of
the presence of hydrogen bonding on the chain structure can also be seen in the CI-
Cu-Cl bond angles with Cu(BATT)(CI).H20 having an angle of 95.06° whereas
Cu(B1MTT)(CI)(H20) has two CI-Cu-CI bond angles one of 93.37(3)° and one much
larger angle at 120.04(4)° with the larger angle being the most closely affected by the
presence of H20. The Cu-Cl distances of both follow similar trends with a short and
long Cu-Cl bond. Whilst the short Cu-Cl bonds are of similar length (2.227(9) vs 2.268
A) the long Cu-Cl bond of Cu(BIMTT)(CI)(H20) is greatly elongated compared to
Cu(BATT)(CI).H20 (2.847(9) vs 2.586 A). This is again most likely due to the steric

demands of a coordinated H20 vs a H20 present unbound in the unit cell. Both
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compounds share similarities in their Cu-N bond lengths with both compounds having
a longer Cu-Nrriazenide bond length for than for Cu-Nazole.

Comparisons can also be made between the bonds lengths and angles present in the
Copper salt to those present in the other novel metal triazenides discussed previously.
Cu(B1IMTT)(CI)(H20) has Cu-N distances between that of Fe and Ni and fits the trend
of Co and Ni whereby the Cu-Ntetrazole bONd length is shorter than Cu-Nriazenide. N-Cu-N
bond angles are also comparable to N-Ni-N with a value of 152.60(1)°. Triazenide
chain N-N bond lengths however are identical to the values of one of the triazenide
chains of Fe(B1MTT)2. One could argue that the reason Cu takes bond length and
angle values between that of Fe and Ni is due to the poorer sigma donor capabilities
of CI- + H20 versus that of another BIMTT ligand, thus allowing for stronger bonding
of the BIMTT ligand to the Cu atom.

Internal bond lengths of Cu(B1MTT)(CI)(H20) can also be compared to that of the
known M(B1MTT)2 complexes discussed previously. Cu broadly follows the same
trends as these complexes with longer average N3-N4/N10-N11 and N1-N2/N8-N9
bond lengths compared to N2-N3/N9-N10. The N2-N3/N9-N10 bond length of
Cu(B1IMTT)(CI)(H20) has a range of 1.282(4)-1.291(4) A. While the average bond
length is similar to that found for Fe and Co the smaller range of values and the
absence of one noticeably shorter N2-N3/N9-N10 distance could indicate that
Cu(B1MTT)(CI)(H20) represents a more thermally stable compound than either of the
Fe or Co compounds, provided that the decompositions of mono substituted triazenide
compounds also follow the same decomposition pathway. A PXRD diffractogram was
recorded and compared to a PXRD diffractogram calculated from the SCXRD data
recorded for Cu(B1MTT)(CI(H20). Comparison of the datasets shows that the
crystalline material contains only the peaks calculated from the single crystal(with
small shifts in all peak positions) and can be considered purely as one phase (Figure
4.15).
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Figure 4.15: Series of PXRD diffractograms in the range 5-50 20, Red=Spectrum
calculated from single crystal data of Cu(B1MTT)CI(H20), Black= Experimentally
recorded PXRD of Cu(B1IMTT)CI(H20)

4.2.13 Thermal Behaviour

The thermal stability of Cu(B1MTT)(CI)(H20) was investigated with DSC (See
Appendix 8.65). The DSC calorigram of Cu(B1MTT))CI).H20 is fairly complex with 3
distinct endotherm / exothermic events. The endotherm at 101.6 °C could indicate a
phase change / melting of the starting material, or decoordination of water; however,
this has not been investigated further. The first exotherm at 237.0 °C is an indication
of decomposition of the BIMTT ligand as its large enthalpy of is unlikely to be
associated with the breakdown of Cu-Cl bonds. The smaller exotherm at 273.8 °C
suggests that at high temperature a defined intermediate is formed that decomposes
itself upon temperature increase. The high temperature of decomposition and large
enthalpy of decomposition for the first exotherm point to a compound with desirable
energetic properties. With a decomposition temperature smaller than that of
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Fe(B1MTT)2.(CH3)2CO, Cu(B1MTT)(CIl)(H20) does not seem to fit the trend of short
N2-N3 distances correlating to lower thermal stability, however with the Cu centre also
containing bonds to chlorine it is more difficult to assess the first steps in thermal

decomposition when compared to the series of M(BLMTT)2 compounds known.

4.2.14 Substitution reactions with Cu(B1MTT)CI(H20)

With one CI still coordinated to the Cu centre of the compound, addition of a second
more energetic (explosophoric) anion was undertaken in an attempt to increase the
energetic nature of the compound by substitution of Cl- and to see if precipitation of an
energetic, water-insoluble Cu(B1MTT)(X)y coordination polymer could be induced
(Table 4.5).

Cu-Triazenide Explosophoric | Cu(B1MTT)(H20)CI: Observations
used anion Explosophore
molar ratio
Cu(B1IMTT)(H20)CI | K-4,5-DNI 1:2 Precipitation of
green powder

Cu(B1IMTT)(H20)CI | Na-NT.4H20 1:2 No precipitation,
only crystals of
Cu(B1MTT)(H20)CI
and NaNT.4H20

found. Blue solid

also present

Table 4.5: Results of the reactions of Cu(B1IMTT)CI(H20) with explosophoric ligands

The attempt at synthesis of a mixed BIMTT-Nitrotetrazolate Cu(ll) compound did not
result in the isolation of any new solid. Instead, only crystalline Cu(B1IMTT)(H20)(Cl)
and NaNT.4H20 was observed. A light blue solid was also observed which, after
spectroscopic analysis, was deemed to be basic copper carbonate. The reason for the
lack of substitution could be a result of the binding affinity of Cu(ll) for nitrotetrazolate.
With Cu(ll) as a borderline hard acid and nitrotetrazolate assumed to be a soft base it
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is sensible to suggest a stronger affinity for Cl-( hard base) than for NT- binding from
the Cu(ll) cation. Because of this, a strong driving force to induce substitution is
required and not provided by the formation of NaCl from the reaction of
Cu(B1MTT)(H20)Cl and Na-NT.4H20. For the addition of K-4,5-DNI to solutions of
Cu(B1MTT)(H20)CI, precipitation of a coloured solid is observed. While elemental
analysis of this product could not be done prior to the end of the research project, FTIR
does enable us to tentatively assign the identity of this product. The green powder
isolated after addition of K-4,5-DNI.H20 to a solution of Cu(B1MTT)(H20)(Cl) clearly
shows the presence of two absorption bands ( 1527 cm™ and 860 cm) which can be
associated to the asymmetric and bending NO2 vibration modes found in K-4,5-
DNI.H20 (Figure 4.16). While the symmetric stretch is a key identifier of the NO2 group
it is unfortunately found in a part of the spectrum dominated by the vibrational modes
of the BIMTT ligand and so cannot be used to accurately identify the presence of the
4,5-DNI moiety. Two bands found in K-4,5-DNI.H20, 1174 cm™* and 950 cm™ are
absent from the spectrum of the precipitated product. These bands, as shown by
Epishina are related to the vas and vsym stretches of a charged NO2 group. The absence
of these absorption bands in the spectrum of the precipitated product imply a shift in
bonding environment from an ionic one to a more covalently bonded system as one
would expect when going from a potassium salt to a covalently bound Cu(ll)-4,5-DNI
compound. Absorption bands associated with the BALMTT ligand are clearly present in
the spectrum of the product and do not suggest that the addition of 4,5-DNI has
resulted in displacement of the BAMTT ligand. Absorption bands of H20 are also still
present albeit reduced in intensity from both starting materials. Overall, the evidence
from FTIR strongly suggests that substitution of the chloride has taken place with 4,5-
DNI binding to the Cu(ll) as shown by the disappearance of charge NO2 absorptions.
With the absorption bands of both BIMTT and water still present it is reasonable to
suggest that the compound is of the formula Cu(B1MTT)(4,5-DNI)(H20)x. Full
characterisation of the compound along with an assessment of its energetic properties

could not be completed during the timeframe of this research project.
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Figure 4.16: Series of FTIR spectra in the range 4000-500 cm-1, Cu(B1MTT)(H20)CI
(black), K-4,5-DNI.H20 (red), Cu(B1MTT)(H20)(4,5-DNI) (blue)

4.2.15 Synthesis of PPN[bis(1-methyl-3-nitro-triazol-5-yl)-triazenate]

Following on from the work with bis(methyltetrazolyl)triazenes, we focused on the
synthesis of new nitroazolate-containing triazenes which had not been reported in the
open literature and could lead to some novel energetic materials with properties (in
simple theory) that closely resemble known energetic triazenes such as BIMTT (seen
as a prospective nitrogen rich rocket propellant). 1-Methyl-3-nitro-5-amino-1,2,4-
triazole was chosen as the starting material for synthesis of novel triazenes. 1-methyl-
3-nitro-5-amino-1,2,4-triazole was chosen as this would form a triazene with a single
de-protonatable site and also because the methylated derivatives of amino containing
azoles have been shown to work as precursors to triazenes. 3 Nitro-5-amino-triazole
was synthesised as detailed in the paper by Liu et al.[?8] 1-Methyl-3-nitro-5-amino-

triazole was synthesised by the addition of dimethyl sulphate to 3-nitro-5-amino-
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triazole according to the work of Klapotke et al.?l Bis(1-methyl-3-nitro-triazol-5-yl)-
triazene was synthesised by the addition of sodium nitrite to an acidic solution of 1-
methyl-3-nitro-5-amino-triazole (Figure 4.17). After stirring overnight at room
temperature, bis(1-methyl-3-nitro-triazol-5-yl)triazene (BLM3NTT) precipitated out as
a pale yellow solid. The solid was dissolved in water with an equimolar amount of
sodium hydroxide before the addition of (PPN)CI to precipitate the ligand as its PPN
salt (PPN = bis(triphenylphosphine)iminium). This would serve as an easily
recrystallisable material which could be used to prove the synthesis of the novel
triazene while also diluting the potential sensitiveness of the compound which allows
for easy handling of an energetic ligand of unknown sensitiveness. This resulted in the

immediate precipitation of a dark yellow solid.

NO,
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Figure 4.17: Synthesis of (PPN)(bis(1-methyl-3-nitro-triazol-5-yl)-triazenide)
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4.2.16 'H and 3C NMR Spectroscopy

'H and '3C NMR were used to assign product identity. The 'H NMR shows large
multiplets from 7.8-7.5 ppm, these are indicative of the PPN cation (Figure 4.18).
Singlets at 3.84 and 3.37 ppm are assigned to the CH3 of bis(1-methyl-3-nitro-triazol-
5-yl)triazenide and H20 respectively. Integration of the area under the peaks givens H
ratios of 34(7.8-7.5): 5.6 (CHs): 6.4 (H20) giving a tentative assignment of the
compound as PPN[bis(1-methyl-3-nitro-triazol-5-yl)-triazenido].3H20. 13C NMR shows
5 signals in the range 135-125 ppm, assigned to the PPN cation. 3 other non-solvent
signals can be found in the spectrum at 35.4 (CHs), 160.4 (C3 of triazole ring) and
162.4 ppm (C5 of the triazole ring).
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Figure 4.18: 'H NMR spectrum of PPN[bis(1-methyl-3-nitro-triazol-5-yl)-
triazenido].3H20
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4.2.17 Crystal Structure of PPN[bis(1-methyl-3-nitro-triazol-5-yl)-
triazenido].3H20

Recrystallisation of this material in acetonitrile resulted in the formation of orange
crystals. Single crystal X-ray diffraction gave the structure as PPN[bis(1-methyl-3-
nitro-triazol-5-yl)-triazenido].3H20 (Figure 4.19). PPNI[bis(1-methyl-3-nitro-triazol-5-
yl)-triazenido].3H20 crystallises in the space group P 1 with two formula units per unit
cell. Both nitrotriazolyl group are twisted out of the plane of the triazenide chain by 7°
and 4.7°. No interactions between PPN cation and bis(1-methyl-3-nitro-triazol-5-yl)-
triazenide can be found however fairly strong hydrogen bonds are found between
N5/N5’ and hydrogens of a water molecule ( 2.127 and 2.282 A). As the only other
PPN salt of an azolyltriazene known,!*°! (PPN)(B1MTT) can be used to compare bond
lengths in the triazenide chain. Trends between the two compounds are similar with
one short N-N bond ((PPN)(B1MTT) : 1.308 (19), PPN[bis(1-methyl-3-nitro-triazol-5-
yl)-triazenido].3H20 : 1.307 (7)) and one long N-N bond ((PPN)(B1MTT) : 1.312 (18),
PPN[bis(1-methyl-3-nitro-triazol-5-yl)-triazenido].3H20 : 1.311 (8)) however the
uncertainties attached to these bond lengths makes this analysis tentative.

Figure 4.19: Left: Projections of the thermal ellipsoid in the molecular structure of
the crystals of (PPN)( bis(1-methyl-3-nitro-triazol-5-yl)-triazenido).3H20, PPN cation

removed for clarity; Right: Unit cell of (PPN)( bis(1-methyl-3-nitro-triazol-5-yl)-
triazenido).3H20, Atom Colours: Blue = Nitrogen, Grey = Carbon, Red = Oxygen,
White = Hydrogen, Yellow= Phosphorus
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4.2.18 Thermal behaviour and detonation performance parameters of PPN[bis(1-
methyl-3-nitro-triazol-5-yl)-triazenido].3H20

With the formation of a novel triazenide, an investigation of its potential as an energetic
compound was required. Thermal analysis of PPN[bis(1-methyl-3-nitro-triazol-5-yl)-
triazenido].3H20 using DSC was compared to the same data recorded for the known
PPN salt of bis(1-methyl-tetrazol-5-yl)triazene (See Appendix 8.66 and 8.67) . With
bis(1-methyl-tetrazol-5-yl)triazene proving to be an energetic ligand capable of making
water stable, high thermal stability energetic coordination compounds, comparison to
PPN[bis(1-methyl-3-nitro-triazol-5-yl)-triazenido].3H20 can help to draw conclusions

about the prospective use of this novel azolyltriazene.

PPN-triazenide salt Onset temperature, Peak temperature,
Ton/ °C Tpeak/ °C
PPN[bis(1-methyl- 238.2 291.3

tetrazol-5-
yl)triazenide].MeCN
PPN[bis(1-methyl-3-nitro- | 281.5 322.8
1,2,4-triazol-5-
ylhtriazenide].3H20

Table 4.6: Ton and Tpeak Of PPN[bis(1-methyl-tetrazol-5-yl)triazenide].MeCN and
PPN[bis(1-methyl-3-nitro-1,2,4-triazol-5-yl)triazenide].3H20

DSC measurements of PPN salts of bis(1-methyl-tetrazol-5-yl)triazenide and bis(1-
methyl-3-nitro-1,2,4-triazol-5-yl)triazenide were recorded at a heating rate of 3K min-
in the temperature range 50-400 °C. The PPN salt of BAMTT proved to be highly
thermally stable with an onset of decomposition recorded at 238.2 °C and a peak
temperature at 291.3 °C (Table 4.6). The decomposition of PPN(B1IMTT) was not
quick and occurred over a range of approximately 80 °C. PPN(B1MTT) also had a
melting point of ~115 °C. The PPN salts of novel triazenides ideally would show similar
Ton and Tpeak to PPN(BL1MTT) so as to have similarly temperature stable triazenes.
PPN[bis(1-methyl-3-nitro-1,2,4-triazol-5-yl)triazenide] has Ton and Tpeak at 281.5 °C
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and 322.8 °C respectively. This suggests that bis(1-methyl-3-nitro-1,2,4-triazol-5-
yhtriazene (BIM3NTT) is a highly temperature stable compound and could be a useful
ligand in the synthesis of high energy metal coordination compounds.

Calculated heats of formation can also be used to assess the potential of these
compounds as energetic materials. With BIMTT showing great potential as both a
rocket propellant and as an energetic ligand it was important to compare calculated
values of Q, D and P for the proligand bis(1-methyl-3-nitro-triazol-5-yl)-triazene
(BIM3NTT) to the experimentally derived values for BIMTT. As heats of
decomposition for the free acid triazene was not known the methods used for both
novel Cu(l) compounds and the M(B1MTT)2 compounds could not be applied. Instead
heats of formation were estimated using the Atom Pair Contribution Method devised
by Mathieu.[?d In this method, enthalpies of atomisation, bond enthalpy contributions
and enthalpy contributions from 1,3 geminal interactions are added together to
approximate heats of formation with bond enthalpy contributions determined through
training of the method on a dataset of 50 compounds. As triazenes were not part of
this training set it was important to assess the accuracy of the APC method against
triazenes with known heats of formation and against those calculated through more
expensive computational methods. BIMTT.H20 and B2MTT provide good examples
of triazenes with experimentally determined heats of formation with bis(2-methyl-4-
nitro-2H-1,2,3-triazole)triazene (B2ZMNTT) providing an example of computational

determined heats of formation.[81[17]

Triazene Experimental | Calculated | APC/ kJ | Deviation/ | %
AHi/ kJ molt | AH¢/ kJ | mol? kJ mol? Difference
mol-
BIMTT.H20 | 514 - 548.42 34.42 6.70
B2MTT 792 - 751.54 -40.46 -5.11
B2MNTT - 685 643.05 -41.95 -6.12

Table 4.7: Comparison of experimentally determined AH; (BIMTT.H2O, B2ZMTT) and
calculated AHs using the EXPLO5 computer code (B2ZMNTT) versus that calculated
from the APC method
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The assessment of APC versus both experimental and calculated heats of formation
show that the APC method gives values within a £ 7% margin of error (Table 4.7).
This shows that the APC method can be viewed as a viable estimation of heat of
formation for CHNO compounds if bomb calorimetry is unavailable. It also helps
establish APC as an alternative to computational calculations for unknown CHNO
compounds. For these reasons APC was used to make estimations of heat of
formation for BAM3NTT.

Crystal densities are also required for the calculation of Q, D and P. As for the
metal compounds of BIMTT crystal densities of the novel triazenes were estimated
according to the methods of Ammon and Hofmann.l?122l Crystal densities of
B1MTT.H20, B2ZMTT and B2ZMNTT were also calculated to assess the accuracy of the
method for CHNO compounds (Table 4.8).

Triazene p, crystal density | p, estimated % Difference
/gcm3 /gcm3

B1MTT.H20 1.528 1.515 -0.85

B2MTT 1.532 1.549 1.11

B2MNTT 1.64 1.659 1.16

Table 4.8: Comparison of the crystal density derived from unit cell data to that derived

from the methods of Hofmann and Ammon[2l22]

In all cases the estimated densities for the triazenes are under £1.2% compared to the
structurally derived densities. This provides reasonable confidence in the accurate
estimation of densities of novel triazenes. BIM3NTT is calculated to have properties
close to or exceeding those found for B2ZMTT (Table 4.9). BAM3NTT is predicted to
have higher density, heat of detonation and detonation pressure than that found for
B2MTT. While the predicted detonation velocity is lower than for B2ZMTT, it is still within
the range expected of both secondary explosives and propellants. The predicted
properties of the synthesised BIM3NTT seem to position it as an ideal competitor to
B2MTT as potential nitrogen rich solid rocket propellants. While the prediction of

impact sensitiveness without a high-quality crystal structure is not possible with a high
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degree of accuracy it is not unreasonable to suggest that BLM3NTT could possess a

similar impact sensitiveness to those found for both BAMTT.H20 and B2MTT. Because

of this, the high decomposition temperature of its PPN salt and the high predicted

densities of the ligand, BIM3NTT could also serve a dual purpose as a high energy

ligand for the synthesis of novel metal-triazenido primary explosives (with a potential

use in either detonators or igniters)

Triazene p/ g cm?3 AHy/ kJ | Q/Jg? D/ km s P/ kbar
mol-?

B2MTT 1.532 792 3879.0 7.982 221

B1IM3NTT 1.658 427.3 4576.0 7.320 230.34

Table 4.9: Q, D and P values calculated for BIM3NTT from the estimated crystal

density and heat of formation, compared to the Q, D and P values calculated for

B2MTT from experimentally derived heat of formation and crystal density derived from

unit cell data
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4.3 Conclusion

Metal compounds of bis(1-methyl-tetrazol-5-yl)triazene can be formed. Fe(B1MTT)z,
Co(B1IMTT)2 and Ni(B1IMTT)2 all form as their monohydrates. Zn(B1MTT)2 and
Pb(B1MTT)2 precipitate with no water in the crystal. Ni and Zn compounds precipitate
as impure microcrystalline powders. Crude Ni(B1MTT)2 can be extracted with hot
acetone to give a compound with an FTIR spectrum closely matching that of the crude
material except for 3 new prominent absorption bands. The cause of these absorption
bands is currently unknown. All compounds prove to be highly temperature stable with
Ton between 260 °C and 320 °C. Compounds are also calculated to have detonation
velocities and pressures in the range expected of primary explosives. Ni, Co and Fe
compounds can be recrystallised in acetone from which their crystal structures can be
determined. Analysis of thermal stability and crystal structure seems to suggest that
thermal stability is tied to N2-N3 bond length, the presumed first step in thermal
decomposition. Impact sensitiveness could not be determined during this project, as
such these compounds cannot be claimed as primary explosives until sensitiveness
can eb proven. Compounds must also be desolvated prior to these tests to prevent
desensitisation. The Cu compound is distinct from the other metal compounds in that
it forms not the 1:2 metal-triazenide seen previously but instead forms
Cu(B1MTT)(CI)(H20). If a sufficient driving force is present Cl- can be substituted to
form mixed explosophore compounds as shown by FTIR. Stochiometric ratios of the
explosophores has yet to be determined. Bis(1-methyl-3-nitro-triazol-5-yl)-triazenide
has been formed as its PPN salts. The identity of PPN[bis(1-methyl-3-nitro-triazol-5-
yl)-triazenido].3H20 has been determined by 'H and '3C NMR alongside the
determination of the crystal structure. PPN[bis(1-methyl-3-nitro-triazol-5-yl)-
triazenido].3H20 proves to be a highly temperature stable compound surpassing the
Ton and Tpeak Of PPN(B1MTT). Estimated crystal density and heats of formation of
bis(1-methyl-3-nitro-triazol-5-yl)-triazenide was used to calculate Q, D and P values.
Bis(1-methyl-3-nitro-triazol-5-yl)-triazenide is predicted to have higher densities, heats
of detonation and detonation pressures than that found for B2ZMTT, a compound
proposed to be a rocket propellant. Impact sensitiveness could not be determined for
the bis(1-methyl-3-nitro-triazol-5-yl)-triazene but contingent on this testing this
compound could prove to have a dual use as an explosophoric ligand for forming

energetic coordination compounds.
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4.4 Experimental

Synthesis of 1-methyl-5-amino-tetrazole

NaOH (10.261 g, 0.257 mol) and 5-aminotetrazole hydrate (25.156 g, 0.250 mol) were
added to a two necked RB flask and dissolved in H20 (60 ml) to give a colourless
solution. A condenser and dropping funnel were attached to the flask, and the flask
heated in an oil bath set to 95 °C. Dimethyl sulphate (12.5 ml, 0.132 mol) was added
to the dropping funnel and added dropwise to the colourless solution over a period of
20 minutes. The solution was then stirred for 1hr at 95 °C after which the solution was
allowed to slowly cool to room temperature overnight. On cooling, small, white crystals
of 1-methyl-5-aminotetrazole (3.500 g, 35.3 mmol) had precipitated out of solution.
The solid was filtered, washed with cold water, and dried under vacuum. Yield 3.5 g,
26.7% with respect to dimethyl sulphate IR (nujol) v/ cm = 3386, 3361, 3328, 3278,
3151, 2729, 2117, 2042, 1683, 1665, 1596, 1561, 1492, 1483, 1322, 1281, 1238,
1157, 1120, 1092, 1044, 970, 955, 844, 790, 742, 690, 680, 673, 639

Synthesis of bis(1-methyl-tetrazol-5-yl)triazene

1-Methyl-5-aminotetrazole (3.500 g, 35.3 mmol) was suspended in 100 mL water and
cooled to 0 °C. After adding concentrated HCI (5 ml, 37% ), 1-methyl-5-aminotetrazole
was solved completely giving a colourless solution. A solution of NaNO2 (1.218 g,
17.65 mmol) in 40 mL water was added drop wise within 20 min whilst maintaining the
temperature at 0°C. Thereafter the solution was stirred for 24 h. After stirring for 24
hours a pale-yellow solution with a white solid had formed. The resulting white solid
was isolated by filtration and washed with cold water before drying under vacuum.
(1.520 g, 40.62 % with respect to NaNO3) IR (nujol) v/ cm™ = 3607, 3451, 3380, 3190,
2724, 2671, 2033, 1664, 1633, 1531, 1503, 1440, 1363, 1351, 1309, 1274, 1247,
1227, 1196, 1172, 1154, 1103, 1036, 1005, 983, 936, 892, 808, 772, 748, 701.
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Synthesis of sodium bis(1-methyl-tetrazol-5-yltriazenide.5H20

Bis(1-methyl-tetrazol-5-yl)triazene (1.520 g, 7.2 mmol) was added to an aqueous
solution of NaOH (20 ml H20, 0.288 g NaOH, 7.2 mmol). This gave a pale-yellow
solution. Removal of H20 in vacuo resulted in the precipitation of a pale yellow solid.
Dissolution of the solid in warm (60°C) H20 and subsequent slow cooling in ice led to
the formation of an off-white powder. FTIR spectra confirms the identity of the powder
as Na- bis(1-methyl-tetrazol-5-yl)triazene pentahydrate by comparison to known IR
values. Yield = 1.05, 45.42% g, IR (nujol) v / cm = 3585, 3536, 3458, 3413, 3275,
3199, 1681, 1656, 1620, 1519, 1483, 1456, 1343, 1314, 1287, 1267, 1245, 1217,
1205, 1151, 1124, 1104, 1062, 1046, 1010, 808, 750, 704, 670.

Synthesis of Ni(B1IMTT)2.H20

Na-bis(1-methyl-tetrazol-5-yl)triazenide.5H20 (0.154 g, 4.8x10* mol) was added to an
aqueous solution of NiCl2 (0.03 g, 2.4x10** mol) at 60 °C. This resulted in immediate
precipitation of a red solid. Solid was stirred for 1 hour at this temperature before being
filtered, washed with cold water (2 X 10 ml) and dried under vacuum. Yield 0.06 g,
52.2%. (Elemental analysis calculated for NiCsH14N220, 493.3 g mol?): C, 19.48%, H,
2.89%, N, 62.48%; found: C,18.58%, H, 2.90%, 58.06%. IR (nujol) v / cm = 3618,
3587, 3554, 1798, 1749, 1624, 1597, 1557, 1496, 1481, 1411, 1338, 1325, 1295,
1252, 1191, 1124, 1068, 1061, 1055, 1018, 1000, 994, 939, 928, 892, 823, 807, 769,
746, 710, 706, 690, 672, 623, 522. DSC, Ton = 321.8 °C (dec.), Tpeak = 324.4 °C, AH
=1304.5J g, 3 Kmin™. Ni(BIMTT)2.H20 can be recrystallised in acetone to form
Ni(BIMTT)2.(CH3)2CO. 150 mg of Ni(B1IMTT)2.H20 were loaded onto a sintered
Soxhlet extractor. Allowing hot acetone vapour to condense and extract
Ni(B1IMTT)2.H20 lead to formation of large red crystals in the centre of the sinter bed
where contact is only with hot acetone vapour. This serves to extract H20 from the
crystals forming Ni(BIMTT)2.(CH3)2CO. IR (nujol) v/ cm™ = 1718, 1561, 1475, 1467,
1456, 1343, 1324, 1294, 1283, 1254, 1236, 1225, 1200, 1126, 1089, 1058, 1016, 996,
807, 748, 706, 691, 674, 623, 535, 519 Yield 0.068 mg, 36.47%.
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Synthesis of Zn(B1MTT)2

Na-bis(1-methyl-tetrazol-5-yl)triazenide.5H20 (0.154 g, 4.8x10* mol) was added to a
solution of ZnBr2 (0.054 g, 2.4x10* mol) at room temperature. This resulted in
immediate precipitation of a pale yellow solid. Solid was stirred for 1 hour at room
temperature before being filtered, washed with cold water (2 X 10 ml) and dried under
vacuum. Yield (0.054 g, 46.6%).(Elemental analysis calculated for ZnCsH12N22, 481.98
g molY): C, 19.95%, H, 2.51%, N, 63.97%; found: C,18.02%, H, 3.00%, 55.74%. IR
(nujol) v/ cm™ = 1663, 1623, 1548, 1517, 1484, 1413, 1363, 1337, 1326, 1318, 1299,
1292, 1284, 1251, 1242, 1221, 1196, 1109, 1055, 1043, 1009, 994, 920, 896, 845,
801, 777, 747, 710, 693, 675, 671, 613. DSC, Ton = 268 °C (dec.), Tpeak = 276.4 °C,
AH=15453Jg*,3Kmin™

Synthesis of Pb(B1MTT)2

Na-bis(1-methyl-tetrazol-5-yl)triazenide.5H20 (0.154 g, 4.8x10* mol) was added to a
solution of Pb(NO3)2 (0.079 g, 2.4x10** mol) at room temperature. This resulted in
immediate precipitation of a pale yellow solid. Solid was stirred for 1 hour at room
temperature before being filtered, washed with cold water (2 X 10 ml) and dried under
vacuum. Yield (0.120 g, 80.2 %). (Elemental analysis calculated for PbCgH12N22,
481.98 g mol?): C, 15.41%, H, 1.94%, N, 49.92%; found: C,15.18%, H, 1.85%,
49.20%. IR (nujol)v/cm™=1613, 1543, 1523, 1481, 1468, 1448, 1418, 1406, 1361,
1341, 1308, 1280, 1274, 1271, 1247, 1210, 1195, 1143, 1119, 1110, 1095, 1043,
1005, 985, 946, 924, 808, 745, 704, 667, 611. DSC, Ton = 312.4 °C (dec.), Tpeak =
319.0°C,AH=1138.7Jg!,3Kmin™

Synthesis of Fe(B1MTT)2.H20

Na-bis(1-methyl-tetrazol-5-yl)triazenide.5H20 (0.323 g, 4.8x10* mol) was added to a
solution of FeCl2.4H20 (0.1 g, 2.4x10* mol) at room temperature. This resulted in
immediate precipitation of a dark green solid. Solid was stirred for 1 hour at room
temperature before being filtered, washed with cold water (2 X 10 ml) and dried under
vacuum. Yield (0.178g, 72.3%). (Elemental analysis calculated for FeCsH14N220,
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490.461 g mol?): C, 19.59%, H, 2.88%, N, 62.87%; found: C, 19.67%, H, 2.71%,
63.36%. IR (nujol) v/ cm 1 = 3598, 3538, 1637, 1574, 1540, 1450, 1366, 1309, 1284,
1250, 1238, 1188, 1073, 1016, 995, 828, 742, 730, 716, 687, 675, 641, 573. DSC, Ton
= 268.26 °C (dec.), Tpeak = 279.0 °C, AH = 1303.1 J g™, 3 Kmin™. Fe(B1MTT)2.H20
can be recrystallised in acetone to form Fe(B1MTT)2.(CH3)2CO. Dissolution of 150 mg
of Fe(B1MTT)2.H20 in 150 ml of acetone followed by slow evaporation of the solvent

resulted in the growth of large, dark green, rectangular crystals. Yield 0.143 g, 88.03%

Synthesis of Co(B1MTT)2.H20

Na-bis(1-methyl-tetrazol-5-yl)triazenide.5H20 (0.154 g, 4.8x10* mol) was added to a
solution of Co(NO3z)2.6H20 (0.070 g, 2.4x10** mol) at room temperature. This resulted
in immediate precipitation of a mauve coloured solid. Solid was stirred for 1 hour at
room temperature before being filtered, washed with cold water (2 X 10 ml) and dried
under vacuum. Yield (0.077 g, 65.3 %). (Elemental analysis calculated for
CoCsgH14N220, 490.461 g mol?): C, 19.47%, H, 2.86%, N, 62.47%; found: C, 19.41%,
H, 2.84%, 62.80%. IR (nujol) v/ cm 1 = 3618, 3587, 3554, 1798, 1749, 1624, 1597,
1557, 1496, 1481, 1411, 1338, 1325, 1295, 1252, 1191, 1124, 1068, 1061, 1055,
1018, 1000, 994, 939, 928, 892, 823, 807, 769, 746, 710, 706, 690, 672, 623, 522.
DSC, Ton = 310.50 °C (dec.), Tpeak = 311.49 °C, AH = 1331.3 J g, 3 K min™™.
Co(B1MTT)2.H20 can be recrystallised in acetone to form Co(B1MTT)2.(CHzs)2CO.
Dissolution of 40 mg of Co(B1MTT)2.H20 in 150 ml of acetone followed by slow
evaporation of the solvent resulted in the growth of large, hexagonal, dark purple
crystals. Yield 0.034 g, 78.46% IR (nujol) v/cm 1 = 1717, 1559, 1519, 1489, 1471,
1401, 1336, 1321, 1298, 1285, 1251, 1226, 1200, 1129, 1118, 1106, 1090, 1056,
1012, 996, 933, 812, 780, 748, 704, 690, 672, 622, 533, 515

Synthesis of Cu(bis(1-methyl-tetrazol-5-yltriazenide)(CIl)(Hz20)

Na-bis(1-methyl-tetrazol-5-yl)triazene(0.350 g, 1.52x10-3 mol) was added to a
solution of CuCl2 (0.204 g, 1.52x10-3 mol). This gave a dark brown solution which was
left for slow evaporation. Over the course of a week the solution evaporated to leave
dark brown crystals of Cu(BIMTT)CI(H20) (0.317 g, 64.1 %) . IR (nujol) v/ cm-1 =
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3505, 3424, 1604, 1567, 1493, 1486, 1452, 1354, 1331, 1296, 1286, 1255, 1239,
1202, 1134, 1072, 1067, 1017, 1001, 930, 919, 892, 820, 808, 745, 740, 705, 690,
673, 626. DSC, Ton = 310.50 °C (dec.), Tpeak = 311.49 °C, AH = 1331.3 J gL, 3K

min~1.

Synthesis of Cu(bis(1-methyl-tetrazol-5-yl)triazenide)x(4,5-DNI)y(H20)z

Cu(B1MTT)(CI)(H20) (0.1 g, 0.307 mmol) was dissolved in 25 ml H20 at 50 °C. K-4,5-
DNI.H20 (0.132 g, 0.614 mmol) was added as an aqueous solution ( 5 ml H20) in one
portion to the stirred solution of Cu(B1MTT)(CI)(H20). Immediate precipitation of a
dark green powder was observed. Suspension was stirred for 1 hour before cooling to
room temperature, filtering, washing with water and dried under vacuum. Mass yield
0.102 g. IR (nujol) v/ cm™ = 3608, 3586, 3499, 3428, 3132, 3110, 2136, 1662, 1623,
1572, 1525, 1465, 1408, 1365, 1324, 1301, 1291, 1273, 1257, 1226, 1193, 1160, 110,
1069, 1048, 1033, 1012, 997, 852, 834, 813, 743, 707, 673, 657, 624

Synthesis of 3,5-diamino-1H-1,2,4-triazole

The synthesis of 3,5-diamino-1-H-1,2,4-triazole from hydrazine dihydrochloride and
cyanamide / dicyandiamide has been described by in ref?6. The procedure given here
is an adaptation of these earlier descriptions and differs in the nature of starting
materials, solvent volumes and pH control. In a round-bottomed single-neck flask,
dicyandiamide or 2-cyanoguanidine (8.426 g, 100 mmol) and H2N-NH2.HCI (6.864 g,
100 mmol) were dissolved in a mixture of deionised water (25 ml) and aqueous HCI
(8.3 ml, 37%) giving a clear and colourless solution. During the initial stages of the
reaction upon mixing of the reactant, reaction heat caused a temperature rise in the
mixture up to 45 °C. Once the temperature had stopped rising, the flask was immersed
in a water bath set to 50 °C and the mixture was left to stir for 2 h. After this time, the
resultant solution appeared clear and colourless. To this mixture, an aqueous solution
of NaOH (8.5 g in 200 ml) was added causing the pH to change to a value of 12. At
this stage, the colour of the solution had changed to a pale yellow. All volatiles were
then removed in vacuo to produce a pale-yellow solid. The raw product was purified
by recrystallisation from a saturated solution of MeOH which was cooled slowly from
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rt. to -20 °C. Compound 1 crystalised as colourless, rectangular crystals. The
synthesis has been carried out five times with yields ranging from 5.5 g to 6.3 g,
average yield 6.0 g (M =99.10 g mol™, 61 mmol, 61% with respect to dicyandiamide).
IR (nujol) v/ cm™ = 3584, 3394, 3369, 3307, 3233, 3114, 2194, 2153, 1725, 1626,
1584, 1563, 1486, 1415, 1350, 1310, 1150, 1123, 1060, 1015, 844, 806, 767, 739,
655, 621.

Synthesis of Sodium-3,5-dinitro-1,2,4-triazolate dihydratel?3

This procedure follows closely that given by of Liu et al., ref 21, as part of the synthesis
of 3-amino-5-nitro-1,2,4. A solution of 3,5-diamino-1,2,4-triazole (4.00 g, 40 mmol, 1
eg.) in dilute sulphuric acid (134 ml, 0.68 mol) was added dropwise to a solution of
sodium nitrite (26.22 g, 0.38 mol, 9.5 eq.) in water (30 ml) with vigorous stirring at a
temperature range of 0 to -5 °C over the course of 2 h. This produced an orange-
coloured, opaque solution with an orange-coloured solid in suspension. After the
addition had completed, the reaction mixture was warmed up to 60 °C and stirred for
another 1 h (NB: Depending on the control of temperature during the addition of
sodium nitrite, two different observations were made. If temperature was not allowed
to exceed the range 0 to -5 °C, then the orange solid dissolved and a red solution was
formed. If temperature exceed this range, then not all of the orange solids would
dissolve after 1 h of heating. In the latter case, the lack of dissolution did not affect the
isolation of pure sodium-3,5-dinitrotriazole, but would reduce the reaction yield). The
reaction solution was then cooled again by immersion of the reaction vessel in an ice
bath, after which sulphuric acid (13 ml, 6 mol dm™3) was added, followed by the
addition of urea (2.00 g, 0.03 mol) in small portions. After the resultant reaction mixture
was stirred overnight at r.t., the mixture was filtered, and the filtrate neutralized by
sodium bicarbonate. The volume of the filtrate was then diminished in vacuo to leave
an orange solid which was extracted by addition of acetone. The resultant suspension
was stirred and then filtered into a new round-bottomed flask. Additional acetone was
added to the orange solid filter residue until the filtrate ran clear. The volatile
component of the combined extracts was removed in vacuo to yield sodium-3,5-
dinitro-1,2,4-triazolate as an orange solid (4.0-5.5 g, 55.22-75.9 % raw yield with
respect to 3,5-diamino-1,2,4-triazole). The solid can be purified through
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recrystallisation as a dihydrate by cooling of a solution in hot water (70 "C) to 0 °C.
This affords Na(DNT).2H20 as orange irregular shaped crystals (yields range from 3.1
g to 4.0 g, average 3.65 g, 35.7-46.1 % with respect to 3,5-diamino-1,2,4-triazole)) IR
(nujol) v/ cm™ = 3564, 3360, 3266, 3192, 2673, 2474, 2201, 2143, 1648, 1548, 1542,
1504, 1424, 1395, 1360, 1310, 1107, 1053, 846, 832, 772, 767, 672, 647, 615.
Handling of the material gave no indication of high sensitiveness. Na(DNT).2H20 can
be scraped off a sinter filter without explosion. It can also be ground with pestle and
mortar without any explosion. Direct exposure to a flame lead to decomposition into a

black material without initiation.

Synthesis of 3-amino-5-nitro-1H-1,2,4-triazole.H20!?3]

Crude (prior to recrystallization) sodium 3,5-dinitro-1,2,4-triazolate (5.21g, 28.8
mmol) was stirred in 80 % hydrazine monohydrate (5.71 ml 98% hydrazine
monohydrate + 1.29 ml H20), giving a dark red solution, for 1.5 h in a stoppered RBF
at 80 °C. Stopper was removed for another 30 minutes of heating to concentrate
solution. Solution was concentrated in vacuo to remove all traces of hydrazine (N.B
failure to remove all traces of hydrazine prevents the isolation of 3-amino-5-nitro-1H-
1,2,4-triazole during acidification and instead results in the precipitation of a white,
unidentified solid) Water (20 mL) was added, and the solution was acidified with
hydrochloric acid to pH = 1 to give precipitation of a yellow solid. After stirring for 15
minutes, the precipitate was filtered, washed with water, and dried to yield 3-amino-
5-nitro-1H-1,2,4-triazole.H20 as a yellow powder (2.03 g, 22.5 mmol, 54.64% yield).
'H-NMR (400 MHz, DMSO-ds): 13.16 (s, 1H), 6.81 (s, 2H), 3.52 (2H, s); 13*C-NMR
(400 MHz, DMSO-ds): 160.91, 157.47 ppm. IR (nujol) v/cm™ = 3584, 3442, 3330,
3293, 3278, 3232, 3168, 2149, 1655, 1641, 1586, 1568, 1548, 1536, 1511, 1400,
1319, 1173, 1127, 1102, 1091, 1037, 1014, 849, 754, 734, 607. Flame test:

discoloration to light brown, no initiation.
Synthesis of 1-methyl-3-Amino-5-nitro-1,2,4-triazolel?*
3-Amino-5-nitro-1H-1,2,4-triazole monohydrate (1.50 g, 10.2 mmol) was dissolved in

an aqueous NaOH solution (0.816 g in 20 mL H20, 20.4 mmol) forming a dark orange
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solution. Dimethyl sulfate (1.29 g, 10.2 mmol, 0.97 mL) was added dropwise, and the
reaction mixture was stirred under reflux conditions for 16 hours. No colour changes
were observed during this period. The solution was then slowly cooled to 0 °C,
resulting in the formation of a bright, microcrystalline, orange precipitate. The orange
precipitate was filtered off, washed with water, and dried under vacuum to give 5-
amino-1-methyl-3-nitro-1,2,4-triazole. Yields range from 1.03-1.23 g, 70.5-84.22 %.
H-NMR (400 MHz, DMSO-ds): 7.01 (s, 2H), 3.64 (s, 3H) ppm; 3C-NMR (400 MHz,
DMSO-ds): 158.92, 156.42, 34.44 ppm

Synthesis of (PPN)(bis(1-methyl-3-nitro-1,2,4-triazol-5-yl)triazenide).3H20

5-amino-1-methyl-3-nitro-1,2,4-triazole (1.00 g, 6.99 mmol) was dissolved in 15 ml
37% HCI to give an orange solution. The solution was cooled to 0-5 °C by immersion
in an ice bath. NaNO2 (0.241 g, 3.495 mmol) dissolved in 2 ml H20 was added
dropwise to this solution, with care paid to maintaining the temperature between 0-5
°C. Time of addition was 15 minutes. Solution was stirred at this temperature for 1
hour before removal of the ice bath and stirring at room temperature for 12 hours. This
results in the precipitation of bis(1-methyl-3-nitro-1,2,4-triazol-5-yl)triazene as a pale
yellow solid. The precipitate was filtered, washed with small amounts of cold water
and dried under vacuum. Yield: 0.212 g, 20.4 % with respect to NaNO:. Bis(1-methyl-
3-nitro-1,2,4-triazol-5-yl)triazene (0.100 g, 0.337 mmol) was added to an aqueous
solution of NaOH (0.015 g in 10 ml H20, 0.375 mmol) with stirring to form a pale yellow
solution. This solution was heated to 60 °C. (PPN)CI (0. 230 g, 0.4 mmol) as a solution
in 5ml of H20 at 60 °C was added in one portion resulting in the immediate precipitation
of a yellow-brown solid. Suspension was stirred for 10 minutes at 60 °C before filtering,
washing with small amount of cold water and drying under vacuum to give
(PPN)(bis(1-methyl-3-nitro-1,2,4-triazol-5-yl)triazenide).3H20 as a yellow solid. Yield
0.168 g, 59.7%. 'H-NMR (400 MHz, DMSO-ds): 7.66 (7H, m, Ar-H), 7.62-7.53 (26H,
m, Ar-H), 3.84( 6H, s, R-CH3), 3.37 (9H, s, H-OH) ppm; **C-NMR (400 MHz, DMSO-
de): 162.36, 160.64, 134.14, 132.54, 132.51, 132.45, 132.39, 132.36, 130.09, 130.06,
129.99, 129.92, 129.89, 127.82, 126.75, 35.38 ppm. DSC: Ton: 282.89 °C, Tpeak:
322.96 °C
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5. Synthesis and characterisation of azidonitroazoles
and their use as energetic materials

5.1 Introduction

The azido group has proven to be a useful explosophore albeit less widely used
than the nitro group in azole chemistry. Introduction of an azido group is known to
increase AHr of a compound by approximately 325 kJ mol? per azido group.! This
increase in energy is due to the difference in bond dissociation energy of N-N, N=N
and N=N bonds. Because of this, introduction of the azido group into azoles could
result in high performance energetic compounds. Synthesis of organic azides has
been shown to occur through a variety of routes. By far the most widely used is
reaction of sodium azide (NaNs) with an organic compound containing a diazonium
group by way of nucleophilic aromatic substitution (Figure 5.1).[4 In some select cases
this reaction does not take place with substitution of the diazonium group but occurs
with attack of the azide on the diazonium ion with formation of pentazene chains, which
decomposes to form azides or cyclises to form pentazoles.! Nucleophilic substitution
of the diazonium groups has been used to synthesise many azidoazolates including

azidoimidazole, pyrazole, triazole and tetrazole.!
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Figure 5.1: Top 1): 5-Azidotetrazole; 2): 3-Azido-1,2,4-1H-triazole; 3): 2-Azidoimidazole; 4):

3-Azidopyrazole, Bottom: Synthesis to form 3-azido-1,2,4-1H-triazole
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While these reactions proceed easily and in good vyield for imidazoles and
triazoles, pyrazoles and tetrazoles suffer from some issues which make direct
substitution not suitable in some cases.Plfl Unsubstituted 3-aminopyrazole readily
undergoes diazotisation followed by substitution to form 3-azidopyrazole. However it
has been shown that some substituted pyrazoles can undergo substitution at a
different carbon centre to the one hosting the diazonium group.® In the case of 3,5-
dinitro-4-aminopyrazole this results in substitution of a nitro group and formation of a
zwitterionic product.®! In the case of azidotetrazole, substitution of a diazonium group
is not used due to the formation of highly explosive tetrazole diazonium
intermediates.[® Azidotetrazole is instead synthesised by the reaction of cyanogen

bromide with 2 equivalents of sodium azide followed by acidic work up (Figure 5.2).1"]

Na* H
N N
/
BICN H,0 | @ \ HCI -
—_— — —
3 N
+ 2 NaN3 MeOH N || / 3

Figure 5.2: Synthesis of azidotetrazole, image reproduced from ref []

Direct substitution of a group other than a diazonium is also known for certain
substituted azoles. Substitution of halogens by the azido anion has been shown to
work for multiple different substituted imidazoles, pyrazoles, triazoles and tetrazoles.!®!
It has also been shown in some unique cases that azides can be introduced to azoles
through cine substitution.!® Cine substitution occurs when a nucleophile attacks the
ring at a position adjacent to the atom which has the intended leaving group.'® This
has been shown to work in azoles possessing an N-bound nitro group which serves
as the leaving group (Figure 5.3). This is used to form azidoazolates in select cases
most notably in forming 5-azido-3,4-dinitropyrazole, an important precursor to

trinitropyrazole.[*1l
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Figure 5.3: Synthesis of various substituted dinitropyrazoles including 5-azido-3,4-
dinitropyrazole, image reproduced from ref ¥l with permission

5.1.1 Identification of Organic azides

FTIR spectroscopy of azides is the simplest and quickest method of
identifying azido groups. Azides have two stretching vibrations; the asymmetric
stretch, (vas), which can be found from 2200-2000 cm* and the symmetric stretch,
(vsym), Which appears in the range 1350-1200 cm (Figure 5.4). Azide deformation
modes are also known and are thought to appear at ~700 cm* however these have

not been studied in detail and are usually not assigned. (12

© @ © © ® ©
N N N N N N
- - - —

Figure 5.4: Stretching modes of the azide anion; Left: Asymmetric stretching mode

Right: Symmetric stretching mode

As the symmetric stretch is found in the fingerprint region it can be difficult to
assign. The asymmetric stretch is the primary absorption used for azide identification
as it appears in a relatively quiet area of the IR spectrum. In ionic azides only the

vas(N3) is IR active however upon coordination or bonding to R groups vsym(N3) also
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becomes IR active. The location of the asymmetric stretch is dependent on the
bonding present in the compound. In azides where bonding is purely ionic, vas(N3)
can be found closer to 2000 cm* ((PPN)Ns found at 2000 cm) whereas in the case
of covalently bound azides they can be found as high as 2208 cm* as is the case
with the triazidocarbonium cation.[*3ll14 The degree of ionicity or covalency in the
bond can be denoted with the 4 resonance forms of XNz (Figure 5.5). Organic
azides, such as the azidoazolates, can therefore be expected to show an

asymmetric stretch dominated by the more covalent resonance forms.
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Figure 5.5: Resonance hybrids of XN3, with 1 representing a purely ionic azide and

4 representing a purely covalent azide

While organic azides generally have only one absorption associated with
vas(N3) there are known cases where two absorption bands are present. According to
the work of Lieber, these can be interpreted as the Fermi resonance of vas(N3) and
either an overtone or a combination band mostly likely comprised of vsym(N3) and
another band of sufficient intensity in the region 1050-850 cm.'% The
wavefunctions for the two resonant vibrations mix and result in a shift in frequency

and a change in intensity of the two absorption bands. As a result, two strong bands
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(vas(N3) is still noticeably more intense) are observed in the spectrum, instead of a

strong and weak band (Figure 5.6). This effect is also known to occur for vsym(N3).[™°]

2179
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Figure 5.6: FTIR spectra showing Fermi resonance affecting the peak positions of
the vas(N3) of organic azides, image reproduced from ref (15 with permission

5.1.2 Azidoazolates and Azidonitroazolates as energetic materials

Azidoazolates have a long history but a relatively small number of papers,
especially in the last 10 years, have been dedicated towards their synthesis,
coordination chemistry and their use as energetic materials. Azidotetrazole has been
known since 1939 with a patent by Friedrich and Flick detailing its synthesis.['6] As the
tetrazole with the highest nitrogen content (88.3%), azidotetrazole has attracted some
interest as an energetic material. However, azidotetrazole is rarely synthesised and
finds no practical use due to its extremely high sensitiveness. Nevertheless,
azidotetrazole does have some salts reported with either nitrogen rich cations or as
coordination compounds with the alkali metals (Figure 5.7).1) Azidotriazole has been
synthesised in multiple papers and has shown to be a useful energetic compound as
its energetic cation.['”] Diazidotriazole has a much sparser publication history with only

two reports detailing its synthesis.[*®l As with azidotetrazole, further work with this
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compound seems to have been inhibited by its high sensitiveness and lower melting
point/decomposition temperature which make a practical use for this compound
unlikely. Both azidopyrazole and imidazole have attracted little interest as energetic

compounds and have only found use in this field as energetic cations.17]
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Figure 5.7: Left: Hydrogen bonds in the packing of ammonium azidotetrazolate;

Right: Hydrogen bonding present within the layers of aminoguanidinium tetrazolate,
both images reproduced with permission from ref [7]

Azidonitroazoles represent a related class of compound that could occupy a
middle ground between the high decomposition temperature, low sensitiveness
nitroazoles and the low decomposition temperature, high sensitiveness azidoazoles.
This, along with the multiple coordination sites available to azoles, makes the
azidonitroazolates ideal candidate energetic ligands. Much like the azidoazolates,
many of the azidonitroazolates have reported syntheses but have attracted little
interest beyond their initial publication. The synthesis of 3-azido-4-nitropyrazole has
been reported in just two publications and has received no interest as an energetic
material.['¥] 3-azido-4,5-dinitropyrazole has also been synthesised and has found
interest primarily as a precursor to 3,4,5-trinitropyrazole.'! 3-azido-4,5-dinitropyrazole
has been shown to be synthesised via two methods: diazotisation of 3-amino-4,5-
dinitropyrazole followed by reaction with sodium azide or via the cine substitution of
1,3,4-trinitropyrazole by the azide anion (Figure 5.8).111120 Qutside of reports of its
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synthesis and use as a precursor, 3-azido-4,5-dinitropyrazole has also not been
investigated as an energetic material.
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Figure 5.8: Cine substitution of 1,3,4-trinitropyrazole by sodium azide to from 3-

azido-4,5-dinitropyrazole

Azidonitroimidazoles also possess published synthetic procedures. Both 2-
azido-4-nitroimidazole and 2-azido-4,5-dinitroimidazole were synthesised and their
energetic properties explored in a series of papers by Hou et al. 2111221 Both compounds
were synthesised by direct nitration of their immediate precursor: 2-azidoimidazole for
2-azido-4-nitroimidazole and 2-azido-4-nitroimidazole for 2-azido-4,5-dinitroimidazole.
While the compounds were explored as energetic compounds, neither were explored
as potential energetic ligands. 4-azido-5-nitroimidazole also possess a short history of
published work. Two papers have detailed the synthesis of this compound but outside
of its use as a precursor to other compounds it has found no other use in the
literature.[23124]

The azidonitroazole with the most development as an energetic material is 3-
azido-5-nitrotriazole (ANT). Known since 1974 the compound was recently
reinvestigated in a series of papers by Klapotke et al.[251281271 Synthesis and crystal
structures of the free acid and potassium salt were first discussed before the group
went on to investigate the coordination chemistry of ANT by making a series of
energetic coordination compounds.?I While alkali metal, silver and lead salts were
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made, the homoleptic transition metal compounds weren’t investigated and remain
unknown in the literature.

Due to the sparseness of research into azidonitroimidazoles/pyrazoles, we set
out to investigate the synthesis, energetic properties of and coordination chemistry of

these compounds.

Research Questions

e Can known azidonitroazoles be synthesised to form pure starting material for
further reaction in good yield?

e Can these pro-ligands be deprotonated to form potassium or sodium salts, their
crystal structure recorded and do the properties of these potassium/sodium-

azidonitroazolates allow them to be classified as lead-free initiators?

5.2 Results and Discussion

5.2.1 Synthesis and characterisation of 2-azidoimidazole

Both 2-azido-4-nitroimidazole and 2-azido-4,5-dinitroimidazole have attracted
little interest as energetic materials outside of the first publication of their syntheses.
Therefore, both compounds have been reinvestigated during this work to improve the
knowledge of both their energetic properties and of their potential use as energetic
ligands. The synthesis of both 2-azido-4-nitroimidazole and 2-azido-4,5-
dinitroimidazole were attempted according to the syntheses detailed by Hou et al
(Figure 5.9).121122]

-
1)NaNO,, HCI =
NH - NH
2) NaN;

NP2 N§N®§ ©
1/2H,S0, N

Figure 5.9: Synthesis of 2-azidoimidazole from 2-aminoimidazole hemisulphatel21122]
199



The starting material for nitration, 2-azidoimidazole, was synthesised according
to the method of Chen (Figure 5.9).1 Product identity and purity was determined by
comparison of 'H/*3C NMR spectra to the published values of Chen. 2-Azidoimidazole
shows two singlets in the *H NMR at 6.88 and 12.02 ppm (Figure 5.10) which are
assigned to the C-H and N-H of azidoimidazole as per the reference paper.¥ This,
along with the signals in the 13C NMR at 139.92, 124.75 and 105.59 (Figure 5.11)
which also match those reported for the three carbon signals of azidoimidazole!,
prove that the majority component of the crude product is 2-azidoimidazole. Two
doublets at 7.97 and 7.63 are also present in the *H NMR. These doublets are also
present in all repeats of the same reaction proving these peaks to be a result of a
consistently produced by-product. The amount of these impurities range from 1% to
3% of the intensity of the signal associated with the N-H of 2-azidoimidazole. The
identity of the impurity was not investigated further and currently remains unknown.
Small peaks at 4.03, 1.99 and 1.17 are assigned to residual ethyl acetate present in
the sample. As these impurities make up a negligible amount of the sample the crude

2-azidoimidazole was deemed pure enough for further reaction.
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Figure 5.10: *H NMR spectra in dmso-ds of 2-azidoimidazole
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Figure 5.11: 13C NMR spectra in dmso-ds of 2-azidoimidazole

5.2.2 Synthesis and characterisation of 2-azido-4-nitroimidazole

The crude 2-azidoimidazole was nitrated according to a modified procedure
published by Hou et al., @ (Figure 5.12) resulting in the formation of a pale-yellow oil
which, upon standing over the course of 12 hours, slowly crystallised to form bright
yellow, crystalline 2-azido-4-nitroimidazole. 2-Azido-4-nitroimidazole was investigated
using 'H and *C NMR

1)Portionwise addition of H,80,,  ©2N
— 30mins 0°C —
NH  +HNO; > NH

N =~ 2) Stirring 3.5hrs, RT N

Ne—® N=—
\ \
N\

Figure 5.12: Modified reaction to form 2-azido-4-nitroimidazole
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5.2.2.1 NMR spectroscopy

The 'H and *C NMR were compared to literature values to prove 2-azido-4-
nitroimidazole had formed and to assess its purity. 2-azido-4-nitroimidazole has two
singlets in the *H NMR with a sharp singlet at 8.26 ppm and a broad singlet at 13.43
ppm (Figure 5.13). These are assigned to the C-H of the imidazole ring and the N-H
of the imidazole ring respectively. These values closely match the published values of
8.27 ppm for the C-H and 13.46 ppm for the N-H of 2-azido-4-nitroimidazole.
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Figure 5.13: *H NMR spectra in dmso-ds of 2-azido-4-imidazole

2-azido-4-nitroimidazole produces 3 signals in the 13C NMR at 145.03, 140.62
and 119.21 ppm (Figure 5.14). Each signal is shifted by approximately 0.5 ppm
compared to the values published by Hou et al. (145.03 to 144.50 ppm, 140.62 to
140.06 ppm and 119.21 to 118.63 ppm). With all signals in the 3C NMR shifting by
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approximately the same amount this does not cast doubt on the assignment of the
product as 2-azido-4-nitroimidazole but rather is most probably due to the 3C NMR
experiment set up used. While both *H NMR and 3C NMR confirm that the product is
2-azido-4-nitroimidazole, there are small amounts of impurities also present.
Noticeably there is also a small impurity (<1% of the intensity of the signal for the C-H
of 2-azido-4-nitroimidazole) at 11.76 ppm in the *H NMR. This is exactly the position
of the N-H of 2-azido-4,5-dinitroimidazole as reported by Hou et al. This suggests that
at room temperature complete nitration of 2-azidoimidazole starts to occur without the
need for the stronger nitration conditions (HNO3s/Oleum mixture) required in the
synthesis by Hou et al.[??]
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Figure 5.14: *C NMR spectra in dmso-ds of 2-azido-4-imidazole
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5.2.3 Investigation into improving the synthesis of 2-azido-4-nitroimidazole

The yield of 2-azido-4-nitroimidazole obtained after 4 hours of stirring was only
14.17%, much lower than reported yields of 85.7% (Experiment 1, Table 5.1). The
cause of the lowered yield is not well understood. The reaction was repeated with
differing time of reaction, temperature of reaction and H2SO4 addition scheme to

observe the effect on the yield (Table 5.1).

Experiment | Temperature | Time of | H2SO4 2-A-4Nl:  2- | Mass Yield/
Number of Reaction/ | reaction/ addition A-4,5-DNI mg
K hours scheme product
ratio
1 290 4 Added potion | 40:1 40

wise over 30
mins at ice

bath

temperature
2 290 4 Dropwise 39:1 70

addition  at

room

temperature

over 4 hours
3 290 24 A 51 72
4 290 72 A 2.5:1 130
5 323 4 A 1:2.5 65
6 323 8 A 1:15 153
7 323 16 A 0:1 220

Table 5.1: Preparative conditions for the nitration of 2-azidoimidazole to form 2-azido-
4-nitroimidazole for experiments numbered in chronological order (Experiment
Number), Mass yield give in milligrams, molar yields given in %, A= Added potion wise

over 30 mins at ice bath temperature

The first repeat of the reaction added H2SO4 dropwise, over the course of the
total 4-hour reaction time with room temperature maintained in the solution throughout
the reaction. This was done to more accurately match the experimental conditions
detailed by Hou et al.l?? This did increase the yield to 24% but was still not approaching
the published yields (Experiment 2, Table 5.1). The peak at 11.76 ppm in the 'H NMR
did not noticeably increase/decrease in intensity relative to the same peak present in

Experiment 1 (Table 5.1). As more stringent following of reaction conditions still had
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not resulted in good vyields of the product, the nitration conditions were altered by
differing lengths of reaction time and temperature of reaction to observe the impact
this had upon product yield and selectivity. Increasing the reaction time or increasing
the temperature resulted in a larger mass yield relative to Experiment 1 in all cases
(Experiments 3-7, Table 5.1). However, the increase in reaction time and
temperature also resulted in a growth of the peak at 11.76 ppm relative to the C-H
peak of 2-azido-4-nitroimidazole. Heating at 50 °C for 16 hours was needed for all 2-
azido-4-nitroimidazole to be consumed and only the product associated with the peak
at 11.76 ppm to be present. It was assumed that this peak was the 2-azido-4,5-
dinitroimidazole when compared to the literature values published by Hou et al. These
results seemed to suggest that nitration of 2-azido-4-nitroimidazole was very facile and
that the strong nitrating conditions used by Hou et al. were not needed to bring about
full conversion to the full nitrated analogue.[??

The product isolated from Experiment 6 was recrystallised in water to form
clear, colourless crystals of a uniform crystal morphology. All crystals investigated
were found to have a unit cell matching that of parabanic acid, an oxidation product of
imidazole (Figure 5.15).1%8

O

HN
NH

Figure 5.15: Left: Lewis Structure of parabanic acid, Right: Amorphous parabanic acid

produced from Experiment 6(Table 5.1)
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Published *H NMR data for parabanic acid shows a single *H environment at 11.76
ppm,l the same as that assigned to the N-H of 2-azido-4,5-dinitroimidazole by Hou
et al. while also matching the signal found in the spectra of Experiments 1-6 (Table
5.1).22 Similarly the 13C NMR for parabanic acid (two signals at 159.7 and 154.6 ppm)
closely match the carbon environments found in the spectra of experiments 1-6 which
cannot be assigned to 2-azido-4-nitroimidazole carbon signals.?l The values also
closely match two of the three carbon signals reported by Hou et al.??l From the
available data it is concluded that attempted nitration of 2-azido-4-nitroimidazole at 50
°C for 16 hours does not result in the formation of 2-azido-4,5-dinitroimidazole but
instead forms parabanic acid. With the spectra of experiments 1-6 recorded prior to
any recrystallisation attempt it is also clear that it is the reaction conditions which cause
this oxidation and is not the attempted recrystallisation in water resulting in hydrolysis
of 2-azido-4,5-dinitroimidazole. It is the opinion of this author that the published data
for 2-azido-4,5-dinitroimidazole are incorrectly assigned and that the stronger nitrating
conditions (and more oxidising) used in these syntheses result in formation of
parabanic acid and another unknown by-product (which accounts for the third 3C
NMR peak seen by Hou et al.[?2).

In conclusion, 2-azido-4-nitroimidazole can be formed according to the
synthesis reported by Hou et al.??d The vyield of this reaction is low at 14-24%
depending on the H2SO4 addition scheme used. Increasing the temperature or time of
the reaction leads to a greater mass yield but also a growth in the peak at 11.76 ppm
in the *H NMR, initially assigned to 2-azido-4,5-dinitroimidazole, relative to the peak at
8.26 ppm, assigned to the C-H of 2-azido-4-nitroimidazole. Upon recrystallisation of
the products of Experiment 6 the peak at 11.76 ppm was found to correspond to the
N-H of parabanic acid and not 2-azido-4,5-dinitroimidazole. This is in direct contrast
to the reports of Hou et al. and leads to the conclusion that the published procedures
for synthesis of 2-azido-4,5-dinitroimidazole result only in the synthesis of parabanic
acid and another unknown impurity leaving 2-azido-4,5-dinitroimidazole as a yet to be

isolated potential energetic material.

206



5.2.4 Future exploration into the synthesis of 2-azido-4-nitroimidazole and 2-
azido-4,5-dinitroimidazole

The investigations into the synthesis of 2-azido-4-nitroimidazole and 2-azido-4,5-

dinitroimidazole lead to two further research questions:

1. Can the synthesis of 2-azido-4-nitroimidazole be improved upon to give

better yields and prevent the production of parabanic acid?

2. Can an alternative synthesis of 2-azido-4,5-dinitroimidazole be found and

the identity of the compound proved beyond doubt?

Due to time constraints these questions could not be investigated during this research
project. However, the research conducted so far can be used to inform and guide
future attempts to synthesise these compounds. Routes to the target compounds by
nitration of 2-azidoimidazole should not be considered due to the likelihood of
producing parabanic acid. Instead, reactions should focus on intergroup conversion to
form azidonitroimidazoles. Reaction of a nitroaminoimidazole with NaNO2/HCI
followed by reaction with NaNs would seemingly be the simplest way to achieve this
(Figure 5.16). This method has been reported by Hou et al. as an alternative route to
2-azido-4-nitroimidazole via the partial reduction of 2,4-dinitroimidazole to form 2-
amino-4-nitroimidazole but was not investigated in this research project.?% A similar
reaction can be envisioned for 2-azido-4,5-dinitroimidazole. 2-amino-4,5-
dinitroimidazole is currently unknown in the literature but would serve as an ideal
starting material for the synthesis of 2-azido-4,5-dinitroimidazole. With many nitro
group reductants known, partial reduction of trinitroimidazole should be considered as
a viable route towards the target precursor. An alternative route involves the well-
established Curtius rearrangement.3Y If the precursors 2-acyl-4-nitroimidazole/2-
acylazide-4,5-dinitroimidazole can be formed, the reaction to form the 2-amino
derivative should occur through simply heating the precursor to form the 2-isocyanate
derivative followed by reaction with water to form the amino group (Figure 5.17). This

would then be reacted with NaNO2/HCI| and NaNz to form 2-azido-4,5-dinitroimidazole.
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Figure 5.16: Proposed reaction to form 2-azido-4,5-dinitroimidazole through partial

reduction of trinitroimidazole followed by diazotisation and reaction with NaN3

N=" Heat N% H,0 N%<
NH —— > NH > NH
O,N O,N

NO, NO,

Figure 5.17: Proposed reaction to form 2-amino-4,5-dinitroimidazole via the Curtius

rearrangement, a precursor to 2-azido-4,5-dinitroimidazole

A third potential route, inspired by the synthesis of 4-amino-3,5-dinitropyrazole, can
also be conceived.[3? Here, 2-aminoimidazole would be protected by reaction with
ethyl chloroformate to form 2-Ethylcarbethoxyamino-1-ethylcarbethoxyimidazole. This
product could then be nitrated before removal of the protecting ethylcarbethoxy groups
(Figure 5.18). Depending on the strength of the nitrating mixture this could as a route
to either 2-amino-4-nitroimidazole or 2-amino-4,5-dinitroimidazole. This product would

then be converted to 2-azido-4,5-dinitroimidazole as stated above.
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Figure 5.18: Proposed route to 2-amino-4,5-dinitroimidazole via protection, nitration
and finally deprotection of 2-amino-4,5-dinitroimidazole

Alternatively, Shreeve reports on the synthesis of 5-amino-2,4-dinitroimidazole from
ammonium-2,4,5-trinitroimidazole.®3 While using this as the starting material would
result in the formation of a different isomer of azidodinitroimidazole, it would result in
the first synthesis of 5-azido-2,4-dinitroimidazole and should be considered as a

potential energetic azidonitroazolate (Figure 5.19).

O,N N O,N N O;N N
I \>~N02 NH3-H20=_ I \>7N02 1M HCI I \>—|\](:)2
o,N" N 50-55°C, 4days H,N" N, HN N
& S H,0
NH, NH,

Figure 5.19: Published procedure detailing the synthesis of 5-amino-2,4-
dinitroimidazole, a precursor to 5-azido-2,4-dinitroimidazole, image reproduced with

permission from ref [33]
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5.2.5 Synthesis and characterisation of potassium-2-azido-4-nitroimidazolate

A route to 2-azido-4-nitroimidazole affording higher yields could not be found.
However, the synthesis of the potassium salt was attempted to assess the prospective
properties of this compound as an energetic material and to serve as a starting
material for transition metal coordination chemistry. Potassium-2-azido-4-
nitroimidazolate(K-2-A-4-NIM) was synthesised according to a modified literature
synthesis using K2CQOz as a base (Figure 5.20).?"] Following deprotonation, ethanolic
solutions of potassium-2-azido-4-nitroimidazolate were allowed to slowly evaporate
over five days to afford irregularly shaped orange crystals. Products were identified by
comparison of NMR and FTIR spectra to starting materials and by determination of
the crystal structure.
® S}

@N ¥
H @N// (E)( ©) //

N $ ¥
| > N// 1) KaCOS/EIOH, Reflux_ ‘ N//
/ 2) Slow evaporation of /
O,N N O N

EtOH,5 Days

Figure 5.20: Reaction of 2-azido-4-nitroimidazole with K>COs to form potassium-2-azido-4-

nitroimidazolate

5.2.5.1 NMR spectroscopy

Potassium-2-azido-4-nitroimidazolate was investigated using *H and **C NMR
spectroscopy. These spectra were then compared to those of the starting material 2-
azido-4-nitroimidazole. Potassium 2-azido-4-nitroimidazolate has two 'H NMR
singlets at 3.37 and 7.63 ppm (Figure 5.21). These are assigned to the C-H of the
imidazolate ring and an O-H of water, respectively. Water presumably combines with
the potassium-2-azido-4-ntroimidazole as a solvent of crystallisation. By comparison
to the spectrum of 2-azido-4-nitroimidazole it can be shown that the signal at 13.43
ppm, which is assigned to the N-H of 2-azido-4-nitroimidazole, is not present in the
spectrum of potassium 2-azido-4-nitroimidazole and thus confirms that deprotonation
has occurred. The shift in the spectral position of the C-H resonance from 8.26 ppm in

2-azido-4-nitroimidazole to 7.63 ppm in the potassium salt is a result of the increased
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electron density of the anion causing more shielding and shifts to smaller chemical
shifts. Both potassium-2-azido-4-nitroimidazole and 2-azido-4-nitroimidazole have 3
carbon environments. Potassium 2-azido-4-nitroimidazole produces peaks at 148.26,
146.27 and 132.50 ppm in the 3C NMR spectrum (Figure 5.22). All these resonances
are shifted to higher chemical shifts when compared to the respective signals in 2-
azido-4-nitroimidazole. The signals at 148.26 and 146.27 ppm are assumed to be
related to the C-NO2 and C-Ns groups, respectively. Their intensity is reduced
compared to the analogous signals in 2-azido-4-nitroimidazole. Shifts to higher ppm
values implies a decreased shielding. This could indicate that electron density in
potassium-2-azido-4-nitroimidazolate is localised over the NO2 group rather than
being concentrated in the imidazole ring which is the case for 2-azido-4-nitroimidazole.
It is currently still unclear how localisation of electron density over the NO2 group would
result in the greater shielding of the C-H seen in the *H NMR.

An analysis of the NMR spectra leads to the conclusion that potassium 2-azido-
4-nitroimidazolate has been formed. Integration of the *H NMR signals shows a 1 : 3
ratio of C-H to H20 leading to a tentative formulation of the product as a trihydrate:
potassium-2-azido-4-nitroimidazolate.3H20. Crystal structure determination is needed

to prove conclusively the amount of water of crystallisation, however.

5.2.5.2 Vibrational Spectroscopy

FTIR spectra of both 2-azidoimidazole, 2-azido-4-nitroimidazole and
potassium-2-azido-4-nitroimidazolate were recorded and compared to allow for an
assignment of the observed absorption bands to bond vibrational modes (Figures
5.23 and 5.24). All three compounds exhibit intense bands for the vas(N3) stretching
vibration. Deprotonation (as realised in the potassium salt) results in a shift of the
vas(N3) frequency to higher wavenumbers and the appearance of a shoulder to the
main absorption band. The cause of this new shoulder to the absorption band is not
well understood, however, it is not uncommon for organic azides to have secondary
absorptions in the same region as vas(N3) due to Fermi resonance. Deprotonation to
form the potassium salt could result in combination bands involving two bands in the
fingerprint region resulting in a combination band of similar energy and symmetry to
vas(N3) resulting in Fermi resonance and the appearance of a shoulder. Assignment of
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vsym(N3) is much more challenging due to the area of the spectral region within which
it can be expected to appear. This vibrational mode could be assigned to the
absorption band at 1293 cm in potassium-2-azido-4-nitroimidazolate, which has
shifted ~10 cm™* from the respective position in both 2-azidoimidazole and 2-azido-4-
nitroimidazolate. The reason for this shift is currently unknown. Nitro group asymmetric
and symmetric stretches for 2-azido-4-nitroimidazole can be observed at 1523 cm™?
and 1358 cm respectively. These were assigned from comparison of the FTIR
spectra of 2-azioimidazole and 2-azido-4-nitroimidazole. Potassium-2-azido-4-
nitroimidazole can be seen to lack both absorption bands. Instead, potassium-2-azido-
4-nitroimidazole has two new absorption bands at 1197 cm-* and 991 cm. These are
assigned to vas(NOz2) and vsym(NO2) of a charged nitro group(Introduction, Effects of
nitroazole salt formation on IR absorption bands). Both C-N3 and C-NO:2
deformation modes are not assigned in the spectra and would require much greater
analysis than has been done during the course of this research for confident
assignment to absorption bands. Absorption associated with N-H stretching modes is
absent from the spectrum of potassium-2-azido-4-nitroimidazolate again showing that
deprotonation has taken place (Appendix 8.44). Strong, broad O-H absorptions can
be found for the O-H stretch(~3430 cm™) and for the O-H bend( ~1665 cm) in the
expected ranges which corroborates the conclusions drawn from the NMR spectra
which found water to have crystallised with potassium-2-azido-4-nitroimidazole (
Appendix 8.45).
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Figure 5.21: Stacked *H NMR spectra in dmso-ds of 2-azido-4-nitroimidazole (black line) and
the product obtained from the reaction of 2-azido-4-nitroimidazole with K;COs (red line)

14826
~~14627
13250

1200

1000

800

600

F400

200

200

+-400

--600

800

r-1000

1200

1400

1600

280 270 260 250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20
f1 (ppm)

Figure 5.22: Stacked **C NMR spectra in dmso-ds of 2-azido-4-nitroimidazole (black line) and
the product obtained from the reaction of 2-azido-4-nitroimidazole with KoCOs (red line)
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5.2.6 Crystal structure of potassium-2-azido-4-nitroimidazolate monohydrate

Potassium-2-azido-4-nitroimidazolate (grown from evaporation of ethanolic solutions)
crystallises in the space group P2:12:2 as a 1 : 1 potassium-azidonitroazolate
compound with one water present per formula unit (Figure 5.25). This opposes the
earlier TH NMR findings whereby 3 waters per azidonitroimidazolato moiety were
expected. The azidonitroimidazolato anion is present in only one crystallographically
independent site and engages in multiple coordination modes. It binds to K1 in an
monodentate fashion via N2. N1 and O3 of the nitro group take part in a k2 bidentate
bond to K1. O2 of the nitro group also binds to K1 in a monodentate manner. The
azido group also takes part in bonding by N3 and N5 binding to K1. H20 acts as a
bridge between two adjacent K1 atoms and takes part in strong (strong defined as a
hydrogen bond between 1.5-2.2 A with the bond length smaller than the sum of the
Van der Waals radii and shows a significant effect on the crystal packing)4 hydrogen
bonding between hydrogen atoms and either the N1 or N2 of the imidazolate ring.
Bonds to N2 are longer than that for N1 at 2.003 A vs 2.158 A. A claim for a weak
hydrogen bond between N5 and HOOD of the imidazole ring can be made due to the
impact it can be seen to have on the crystal packing however at a bond length of 2.926
A this is questionable.l* Bond lengths of potassium-2-azido-4-nitroimidazolate.H20
were compared to published data for 2-azido-4-nitroimidazole monohydrate and to
data for azidoimidazole recorded during the course of this work (Table 5.2).[2
Potassium-2-azido-4-nitroimidazolate(K-2-A-4-NIm) possess the longest Na-Npg bond
at 1.257(4) A compared to 1.248(5) A and 1.207(1) A for 2-azido-4-nitroimidazole
monohydrate and 2-azidoimidazole respectively. The Ng-Ny bond lengths of the
potassium salt sits between that of the free acid and azidoimidazole at 1.125 A whilst
possessing the longest C-Nq at 1.426(4) A respectively. The C-NO2 bond of K-2-A-4-
NIm is also shorter than that for the free acid, whilst also having longer N-O bonds.
The ring C-N bonds of K-2-A-4-NIm have a smaller range than that found for either 2-
A-4-NIm.H20 or 2-Alm. Both 2-A-4-NIm and 2-Alm have one short C-N length whilst
the longest C-N of 2-Alm is the longest found in any of the three structures. K-2-A-4-
NIm also possesses the longest C-C length at 1.382(5) A. From the available data
observations can be made about the type of bonding and electronic structure in these
compounds. Both K-2-A-4-NIm and 2-A-4-NIm.H20 have longer No-Np bonds than 2-
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Alm while also having shorter Ng-Ny lengths. This implies a greater contribution of
electronic resonance forms where No-Ng and Ng-Ny are present as double bonds in
the case of 2-Aim. For K-2-A-4-Nim and 2-A-4-Nim, the azido group is clearly present
with a triple bond between Ng-Ny. 2-A-4-NIm possesses the shortest Ng-Ny bond and
could be more liable to N2 elimination than K-2-A-4-NIm, however the differences
between the two values are small and this effect is presumed to be weak. However,
with a longer and weaker C-Na bond, K-2-A-4-NIm could be more susceptible to the
loss of the N3 fragment than either of the other compounds in the discussed triad.
Shorter C-NO2 bonds for K-2-A-4-NIm compared to 2-A-4-NIm indicate an R-NO2
group with a greater contribution of the C-NO2 resonance form. This conclusion is also
corroborated in the increased N-O bond lengths. The C-NO:2 distances can also be
compared to those found in nitroazolates such as K-2,4-DNI, K-2,4,5-TNI and K-4,5-
DNI (Table 5.3).

Bond Bond length/ A
K-2-A-4-NIm.H20 | 2-A-4-NIm.H20[?1 2-Alm

R-N3(Na-Np) 1.257(4) 1.248(5) 1.207(1)
R-Na(Np-Ny) 1.125(4) 1.113(5) 1.146(1)
C-No 1.426(4) 1.391(4) 1.422(1)
C-NOz 1.407(5) 1.418(4) -

N-O 1.247(4), 1.248(4) | 1.231(4), 1.234(4) -

Ring C-N 1.322(4)-1.38(4) | 1.308(4)-1.373(4) | 1.305(1)-1.395(1)
c-C 1.382(5) 1.352(5) 1.347(1)

Table 5.2: Selected Bond lengths of potassium-2-azido-4-nitroimidazolate.H.O, 2-azido-4-
nitroimidazole®®” and 2-azidoimidazole

Bond Type Bond Length/ A
K-2-A-4- K-2,4-DN]I[3] K-4,5-DNI38] | K-2,4,5-TNIE7]
NIm.H20
C-NO2 1.407(5) 1.421, 1.437 1.437,1.438 1.420, 1.440,
1.458
N-O 1.247(4), 1.226-1.241 1.216-1.233 1.216-1.238
1.248(4)

Table 5.3: Selected Bond lengths of potassium-2-azido-4-nitroimidazolate.H>O, potassium-

2,4-dinitroimidazolate

(K-2,4-DNI),

potassium-2,4,5-trinitroimidazolate (K-TNI)

potassium-4,5-dinitroimidazolate

(K-4,5-DNI)  and
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Figure 5.25: Projections of the thermal ellipsoid in the molecular structure of the
crystals of Potassium-2-azido-4-nitroimidazolate monohydrate. Thermal ellipsoids set
at the 67% probability level. Selected bond lengths (A): K1 01 2.764(3) K1 02 2.817(3)
K1 01 2.851(3) K1 O3 2.844(3) K1 N1 3.047(3) K1 N3 3.007(3) K1 N5 2.925(3) K1
N2 3.158(3) O1 K1 2.851(3) 02 N6 1.247(4) O3 N6 1.248(4) O3 K1 2.844(3) N1 C1
1.380(4) N1 C2 1.322(4) N1 K1 3.047(3) N6 C1 1.407(5) N3 N4 1.256(4) N3 C2
1.426(4) N3 K1 3.007(3) N4 N5 1.125(4) N5 K1 2.925(3) N2 C2 1.355(4) N2 C3
1.350(5) N2 K1 3.158(3) C1 C3 1.382(5), Atom Colours: Blue = Nitrogen, Grey =
Carbon, Red = Oxygen, White = Hydrogen, Purple = Potassium
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From the comparison of bond lengths of these potassium salts, K-2-A-4-NIm has by
far the shortest C-NOz2 length of any of the dinitro / trinitro imidazolates. This strongly
suggests that the C-NO2 group of K-2-A-4-NIm is present as the ‘charged’ NO:2
resonance form (i.e. localised formal charges on N and O) (Figure 5.26) with the

negative charge gained upon deprotonation being localised primarily on the NO:2

group.
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Figure 5.26: Resonance forms of the azidonitroimidazolato anion; Left: Resonance form A
displaying a ring nitrogen atom carrying a formal negative net charge of -1, Right: Resonance
form B of the azidonitroimidazolato anion displaying a nitro group that carries a formal negative
net charge of -1, the suspected dominant resonance form adopted by potassium-2-azido-4-

nitroimidazolate.H-O
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5.2.7 Synthesis and characterisation of metal salts of azidonitropyrazolates

Following the synthesis of K-2-A-4-NIm as energetic materials efforts were turned
towards a similar treatment of azidonitropyrazoles. Two azidonitropyrazoles are
known in the literature: 3-azido-4-nitropyrazole and 3-azido-4,5-dinitropyrazole. The
synthesis of 3-azido-4-nitro-pyrazole was first published by Latypov et al. [**] However,
as the starting material used by Latypov, 3-amino-4-nitro-pyrazole, is reported to be
synthesised in low yields,38 we elected to synthesis 3-azido-4-nitropyrazole via a
novel route. The direct nitration of 3-azidopyrazole was chosen as the alternative
synthesis due to the apparent ease of synthesis of starting materials (Figure 5.27).

H H H
H N
| 1)NaNO,, HCI \ HNO4/H,SO, \
N ————— — ‘ N o ‘ N
Y 2) NaN, Y/ Y
O,N
NH, N @ o N~ o

Figure 5.27: Synthesis of 3-azido-4-nitropyrazole from the starting material 3-aminopyrazole
3-azidopyrazole was synthesised according to the methods of Chen.[* 3-
aminopyrazole was diazotised by the action of NaNO:2 and HCI. Product purity was
proven through both FTIR and NMR spectral analysis.

5.2.7.1 Vibrational Spectroscopy

The IR spectrum of 3-azidopyrazole is dominated by the vas(Ns) stretching mode
(Figure 5.28). This is shown by the strong absorption at 2120 cm-?, exactly matching
that of the reported value.l Comparison to the IR spectrum of 3-aminopyrazole shows
a drastic reduction in the absorption bands associated with the stretching (3328 cm™)
and bending (1616 cm™) modes of C-NH2. No absorption associated with these two
vibrations can be found in the spectrum of 3-azidopyrazole. This is clear evidence for
the successful diazotisation-substitution of 3-aminopyrazole with NaNsz to form 3-

azidopyrazole and implies that no 3-aminopyrazole remains in the product.
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Figure 5.28: Series of layered FTIR spectra (range 4000 to 500 cm-1) showing the

spectra of 3-azidopyrazole (red line) and 3-aminopyrazole (black)
5.2.7.2 NMR spectroscopy

3-azidopyrazole was investigated with *H and 3C NMR spectroscopy (Figure 5.29).
Spectra were then compared to literature values to ascertain product identity and
purity.[?!l 3-azidopyrazole has 3 singlets in the 'H NMR, one for the N-H (12.71 ppm)
and two C-H signals (7.73 and 6.00 ppm). These match well to the reported values of
12.72, 7.74 and 6.01 ppm. A small amount of water is also present in the spectrum.
Integration of the individual signals shows water makes up <5% of the spectrum. It is
possible the product crystallises as a hydrate however, the presence of the water is
more likely due to insufficient drying of the product prior to recording the spectra or
H20 present in the deuterated solvent used to dissolve the sample. 3-azidopyrazole
produces shows three peaks at 147.06, 131.61 and 95.72 ppm in the 13C NMR. These

values all match well to the published data from Chen (146.53, 131.14, 95,24 ppm).1*
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Figure 5.29: 'H NMR spectra in dmso-ds of 3-azidopyrazole

The NMR spectra, alongside investigation of the compound with FTIR, confirms the
identity of the product as 3-azidopyrazole. As the NMR spectra show no substantial
impurities, 3-azidopyrazole as synthesised by this method was used without further

purification in subsequent reactions.

5.2.8 Synthesis and characterisation of 3-azido-4-nitropyrazole

3-azidopyrazole was nitrated according to the same procedures used for the synthesis
for 2-azido-4-nitroimidazole.?? This results in the formation of an orange oil. Oil
formation is likely the result of residual acetic acid in the sample preventing
crystallisation with the formation of acetic acid most likely happening due to acid
catalysed hydrolysis of ethyl acetate. Removal of acetic acid with high vacuum over

the course of several hours resulted in the crystallisation of clear rectangular pale-
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yellow crystals alongside a microcrystalline yellow solid. The product was
characterised through NMR, FTIR and crystallographic studies.

5.2.8.1 NMR spectroscopy

A sample containing both pale-yellow crystalline material and the microcrystalline
yellow solid was investigated with *H and *C NMR. The sample has 4 singlets in its
'H NMR spectrum at 13.90, 8.84, 3.64 and 1.91 ppm. Signals at 3.64 and 1.91 ppm
were assigned to H20 and AcOH respectively. H20 presumably is found as a solvent
of crystallisation. Signals at 13.90 and 8.84 ppm were assigned through comparison
to the spectrum of 3-azidopyrazole. The signal at 8.84 ppm is assigned to the C-H of
3-azido-4-nitropyrazole. This signal is shifted to higher ppm values as expected of a
C-H attached to a less electron rich ring. The loss of one of the C-H environments in
3-azidopyrazole is clear evidence for the formation of 3-azido-4-nitrpyrazole. The
signal at 13.90 ppm is assigned to the N-H of 3-azido-4-nitropyrazole and again is
shifted to higher ppm values as is expected. The N-H of 3-azido-4-nitropyrazole is also
much broader than in 3-azidopyrazole, possibly due to greater deuterium/hydrogen
exchange with the deuterated NMR solvent. The simplicity of the spectrum also
suggests that both the pale-yellow crystals and the microcrystalline material are the
same compound. If two products were forming more peaks would be expected in the
'H NMR spectrum. 3C NMR of the yellow solid shows 3 signals at 142.46, 132.22 and
124.63 ppm. These are assigned to the 3 carbon environments of 3-azido-4-
nitropyrazole. Comparison to the 13C NMR spectrum of 3-azidopyrazole shows that,
upon nitration one signal moves downfield (147.06 to 142.46 ppm) and two signals
move up field (131.61 to 132.22 ppm, 95.72 to 124.63 ppm) The signal at 124.63 ppm
is assigned to C-NOz. The substitution of a C-H for a C-NO2 would lead to substantially
reduced shielding and thus the largest shift up field. The signal at 132.22 ppm is
assigned to the remaining C-H and the signal at 142.46 ppm is assigned to C-Ns. Once
again, with no additional signals in the spectrum one can have confidence that the

pale-yellow crystals and the microcrystalline material are the same compound.
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5.2.8.2 Vibrational spectroscopy

FTIR spectra of 3-azidopyrazole and 3-azido-4-nitropyrazole were recorded and
compared to allow for an assignment of the observed absorption bands to bond
vibrational modes. Both compounds exhibit an intense band for the vas(N3) stretching
vibration. Nitration of the pyrazole ring has resulted in a shift of ~15 cm™ to 2134 cm*
in 3-azido-4-nitropyrazole (Figure 5.30). Assignment of vsym(N3) can also be made
with the compounds showing absorption at 1225 and 1219 cm in 3-azidopyrazole
and 3-azido-4-nitropyrazole respectively (Figure 5.31). The reason for the relatively
small shift in wavenumbers of the band between 3-azidopyrazole and 3-azido-4-
nitropyrazole compared to the asymmetric stretch is unknown. Assignment of the nitro
group stretching vibrations is challenging in pyrazoles due to the proximity of ring
vibrations to the spectral regions of interest, but tentative assignment of the bands can
still be made. The symmetric NOz stretch is assigned to the band at 1283 cm-*. While
low in the spectrum, it is hot uncommon for symmetric NO2 stretches to appear this
low in the FTIR, though symmetric NO2 stretches in this region are more usually due
to the presence of N-NO2 groups rather than C-NO2. The NO2 asymmetric stretch can
be assigned to the band at 1554 cm. While close to a ring vibration, the increased
intensity of the band in the spectrum of 3-azido-4-nitropyrazole makes this more likely
to be the NO2 asymmetric stretch. While not assigned in the analysis of 2-azido-4-
nitroimidazole, C-NO2 deformation modes in 3-azido-4-nitropyrazole could prove to be
indicative of the presence of the NO2 group. Bands of medium intensity can be found
at 838 and 847 cm™. As discussed previously (Introduction, IR spectroscopic
properties of the -NOz2 group) these fall in the range of the symmetric bend. With the
appearance of these bands in a previously empty part of the spectrum, tentative
assignment of one or both bands to the NO2 symmetric bend can be made. Overall,
both FTIR and NMR spectra suggest that the intended 3-azido-4-nitropyrazole has
been synthesised. Both spectra also point to water presumably combining with the 3-
azido-4-nitropyrazole as a solvent of crystallisation. Due to broadening of the signals
in the NMR as a result of deuterium/hydrogen exchange, an accurate value for the
amount of crystallised water could not be determined. Crystal structure determination

was needed to conclusively prove the amount of water.
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Figure 5.30: Series of layered FTIR spectra (range 3750 to 2000 cm-1) showing the

spectra of 3-azidopyrazole (red line) and 3-azido-4-nitro-pyrazole (black)

—— 3-azido-4-nitropyrazole
1.5 )
—— 3-Azidopyrazole
Q
Q
C
]
0
[
o
2 104
0.5
T T T T T T T T T T T T T
1800 1600 1400 1200 1000 800 600

Wavenumber/ cm’”

Figure 5.31: Series of layered FTIR spectra (range 1800 to 500 cm-1) showing the

spectra of 3-azidopyrazole (red line) and 3-azido-4-nitropyrazole (black)
224



5.2.9 Crystal structure determination of 3-azido-4-nitropyrazole.H20

Figure 5.32: Projections of the thermal ellipsoid in the molecular structure of the
crystals of 3-azido-4-nitroprazole monohydrate. Thermal ellipsoids set at the 67%
probability level, Atom Colours: Blue = Nitrogen, Grey = Carbon, Red = Oxygen, White
= Hydrogen

Crystals were grown from the yellow oil obtained following nitration by removal of
acetic acid under vacuum. The compound crystallises as 3-azido-4-nitropyrazole.H20
(Figure 5.32). As the work by Latypov did not investigate the structure of 3-azido-4-
nitropyrazole this constitutes the first known crystal structure of this compound The
asymmetric unit of 3-azido-4-nitropyrazole consists of 8 molecules, 4 of 3-azido-4-
nitropyrazole and 4 of H20. These arrange as two dimers held together by hydrogen
bonds between O-H and the pyrazole ring nitrogen and between the N-H of pyrazole
and the oxygen atom of water. All the H bonds (2.017-2.081 A) are within the expected
range for strong H-bonds (1.5-2.2 A). 3-Azido-4-nitropyrazole arranges itself in layers
and is held together by H-bonds present between the layers. Overall, all
characterisation techniques conclusively prove the synthesis of 3-azido-4-
nitroimidazole by a new synthetic route. This also constitutes the first structure of 3-
azido-4-nitropyrazole known in the literature with 3-azido-4-nitropyrazole crystallising

as its monohydrate.
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5.2.10 Attempted synthesis and characterisation of potassium-3-azido-4-

nitropyrazolate

Following the synthesis of 3-azido-4-nitropyrazole.H20 (3-A-4-NP.H20) via a new
synthetic route, attempts at synthesising the potassium salt were made. The
potassium salt of 3-azido-4-nitropyrazole was desired both as a precursor to transition
metal-azidonitroazolates and as a potential energetic material itself. Potassium-3-
azido-4-nitropyrazolate(K-3-A-4-NP) was synthesised according to a modified
literature synthesis using potassium carbonate as a base (Figure 5.33).27 Following
deprotonation, ethanolic solutions of potassium-3-azido-4-nitropyrazolate were
allowed to slowly evaporate over five days to afford irregularly shaped orange crystals.
Products were identified by comparison of NMR and FTIR spectra to starting materials

and by determination of the crystal structure.
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Figure 5.33: Attempted synthesis of potassium-3-azido-4-nitropyrazolate

5.2.10.1 NMR Spectroscopy

The crystals were investigated by 'H and 3C NMR. Two singlets in the 'H NMR can
be seen at 8.34 and 3.37 ppm. These are assigned to the C-H of the imidazole ring
and to an O-H of water presumably present as a solvent of crystallisation. By
comparison to the *H NMR spectra 3-azido-4-nitro-pyrazole it can be seen that the C-
H has shifted downfield by 0.5 ppm, as expected of a proton in a more shielding
environment due to the increased electron density of the presumed 3-azido-4-
nitropyrazolato moiety. Comparison of the two spectra also makes clear the absence

of any signal associated to the N-H of 3-azido-4-nitropyrazole confirming that complete
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deprotonation had taken place. 3C NMR of the orange crystalline product shows two
signals at 145.19 and 142.55 ppm. This is inconsistent with the expected three carbon
environments of potassium-3-azido-4-nitropyrazole and with the three carbon
environments of the starting material 3-azido-4-nitroimidazole (signals at 142.46,
132.22 and 124.63). From comparison of the two spectra, it appears that the missing
signal is assigned to the C-NO2 carbon while the C-H and C-N3 carbon environments
shift up field in the spectrum by 2.73 and 10.33 ppm respectively. While it is not
uncommon for tertiary carbons of azolates to have weak or non-detectable signals in
13C NMR experiments, the ability to identify all 3 environments in the precursor to the
potassium salt does imply a change, too big to assign to increased/decreased
shielding alone, in the environment of one of the carbon atoms of the ring. Comparison
of the IR spectra of K-3-A-4-NP and 3-A-4-NP.H20 was used to help contextualise this

apparent change in carbon environment.

5.2.10.2 FTIR spectroscopy

FTIR spectra of the orange crystalline product was recorded and compared to that of
the starting material. Upon deprotonation, no absorption band assigned to the vas(N3)
stretching vibration can be found in the orange product (Figure 5.34). Neither can a
band be assigned to the vsym(N3) stretching vibration present in both 3-azidopyrazole
and 3-azido-4-nitropyrazole (1225 cm™ and 1219 cm respectively). The assignment
of NO:2 stretching vibrations is once again challenging. The FTIR of the product has
three low intensity bands in the region 1560-1585 cm (Figure 5.35). While one of
these bands could be assigned to the vas(NO2) stretching vibration, it is unlikely due to
the intensity of the band relative to the other bands of the fingerprint region. Therefore,
it is more likely that these bands are pyrazole ring vibrations. If this assignment is true
then there are no other intense bands that can confidently be assigned to the vas(NO2)
stretching vibration. The band assigned to the vsym(NO2) stretching vibration in 3-
azido-4-nitropyrazole (1283 cm) can be seen to completely disappear in the
spectrum of the product. However, two new absorption bands at 980 and 1113 cmtin
the spectrum of the product. These, much like for K-2-A-4-NIm, are indicative of the
vsym(NO2) and vas(NO2) stretching vibrations of a charged NO:2 group. C-NO:2
deformation modes can also be observed in the spectrum of the orange crystalline
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product. The C-NO2 symmetric bend can be found at 832 cm in the product, a shift
of 5 cm? from the starting material. Overall, the identity of the product was not clear
from NMR and FTIR. FTIR proves the absence of vas(N3) and vsym(N3) stretching
vibrations indicating loss of the azido group. However, the 3C NMR shows only a
small shift to higher wavenumbers of the carbon of C-Ns. If the azido group has been
substituted, the replacing group has only had a small effect on the carbon
environment. The absence of the C-NO: signal in the 3C NMR implies a change in
environment compared to the starting material. This could be related to the charged
NO2 group resonance which can be plausibly assigned to absorption bands in the
fingerprint region.

The loss of absorption bands assigned to stretches of the azido group is
explained through tautomerisation of 3-azido-4-nitropyrazole to form 4-

nitropyrazolo[1,5 d]tetrazole (Figure 5.36).

35 - —— 3-azido-4-nitropyrazole
—— K-3-azido-4-nitropyrazolate

3.0

2.5

2.0

Absorbance

1.5 1

1.0

0.5

! 1 ' 1 ' | ! | ! | ! | ! 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/ cm™

Figure 5.34: Series of layered FTIR spectra (range 4000 to 500 cm™) showing the spectra of
3-azido-4-nitropyrazole (black) and a spectrum of the orange crystalline material initially

assumed to be potassium-3-azido-4-nitropyrazolate (red)
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Figure 5.35: Series of layered FTIR spectra (range 1750 to 500 cm™) showing the spectra of
3-azido-4-nitropyrazole (black) and a spectrum of the orange crystalline material initially

assumed to be potassium-3-azido-4-nitropyrazolate (red)
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Figure 5.36: Proposed azide-tetrazole tautomerisation of 3-azido-4-nitropyrazole
upon deprotonation
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Azide-tetrazole tautomerisation is a known phenomenon and has been quite
extensively studied in a series of azide/tetrazole-pyrimidine complexes.? It has also
been shown that this equilibrium is in favour of tetrazole formation for anions of
azidopyrazoles.[* To assess whether azide/tetrazole tautomerisation was the cause
of the disappearance of the azide absorption, 0.235 g of the orange crystalline material
was dissolved in water and reacidified to pH 1. If the tetrazole containing product was
forming rather than decomposition occurring, reacidification should result in the
reformation of 3-azido-4-nitropyrazole. Upon addition of HCI to the reaction mixture
small amounts of bubbling was observed and a white solid precipitated out after 1 hr
of stirring. The solid was investigated with FTIR spectroscopy. The product has an
FTIR spectrum which almost exactly matches that of 3-azido-4-nitropyrazole with only
a few additional bands present (Figure 5.37). Most notable is the reformation of an
intense vas(N3) stretching vibration at the same value found for 3-azido-4-
nitropyrazole. This is strong evidence to suggest that upon deprotonation the formed
product is not potassium-3-azido-4-nitroimidazole but is instead potassium-4-nitro-

pyrazolo[1,5 d]tetrazole (Figure 5.38).
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Figure 5.37: Series of layered FTIR spectra (range 4000 to 500 cm-1) showing the

spectra of 3-azido-4-nitropyrazole (black) and a spectrum of the orange crystalline

material initially assumed to be potassium-3-azido-4-nitropyrazolate (red)
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Acidification pushes the azide-tetrazole equilibrium towards the side of the azide which
is shown by the intense vas(N3) stretching vibration.
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Figure 5.38: Structure of potassium-4-nitro-pyrazolo[1,5 d]tetrazole

5.2.11 Crystal structure of potassium-4-nitro-pyrazolo[1,5 d]tetrazole

To prove the identity of the product as potassium-4-nitro-pyrazolo[1,5 d]tetrazole,
crystals formed upon slow evaporation of ethanolic solutions product were taken and
used for single crystal X-ray diffraction studies. From the evaporation of the ethanolic
solution two crystal types could be identified. Long, pale yellow rectangular needles
were evident and when investigated with SCXRD proved to be potassium nitrate.
Orange irregularly shaped crystals were also present in the crystalline solid.
Investigation of these crystals allowed for the first structural determination of a non-
substituted pyrazolotetrazole and confirmed the orange crystals to be potassium-4-
nitropyrazolo[1,5 d]tetrazolate monohydrate(K-NPT.H20)(Figure 5.39). K-NPT.H20
crystallises in the C2 space group. Potassium is present in one crystallographically
independent site and forms bonds between tetrazole ring nitrogens, nitro group
oxygen atoms and to one water molecule which bridges between potassium centres.
The nitro groups of K-NPT.H20 sit almost co-planar with the bicyclic ring structure with
a twist out of plane by only 1.77 degrees. Nitro group oxygens (O1 and O2) bind in a
bidentate manner towards two K1 atoms. All ring nitrogen of the pyrazolo[1,5
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d]tetrazolate are involved in bonding except for N1. Only N3 and N5 of the tetrazole
ring engage in bonds towards potassium centres with the bonding on N1 and N4
restricted to hydrogen bonding. N1 hydrogen bonds to one of the hydrogen atoms on
H20. This forms a relatively strong hydrogen bond (2.3 A) with N4 forming a weak
hydrogen bond to the lone C-H of the bicyclic ring (2.5 A). N5 of the tetrazolate ring
forms a single bond to K1 whereas N3 bridges between two separate K1 atoms. As
for K-2-A-4-NIm, bond lengths associated with the NO2 group were taken and
compared to the free acid and other known nitropyrazolates to assess the bonding
present within the pyrazolo-tetrazole ring structure (Table 5.4). K-NPT.H20 has by far
the shortest C-NO2 bond length of any of the nitroazolates with structures available to
this author. K-NPT.H20 also has the longest N-O bond length at 1.257(9) A. Both bond
lengths corroborate the FTIR analysis and support the hypothesis that in the
nitropyrazolo-tetrazole anion, NO2 is present as a ‘charged’ NO2 group. The
localisation of the negative charge over the NO:2 group is also supported by
comparison of the N-K and O-K bond lengths. K-NPT.H20 has both the longest N-K
distance and the shortest O-K bond length. Compared to other potassium
nitropyrazolates this suggests that less electron density is present on the ring
nitrogens and more is localised over the NO2 group. If negative charge were localised
on one of the ring nitrogen atoms we would expect the shortest N/O-K length to be
from ring nitrogen to potassium and not nitro group oxygen to potassium. Change to
ring bond lengths can also be observed. C-C and N-N bond lengths are found to be
longer in K-NPT.H20 when compared to the potassium nitroazolates (Table 5.4).
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Figure 5.39: Projections of the thermal ellipsoid in the molecular structure of the crystals of
potassium-4-nitropyrazolo[1,5 d]tetrazolate monohydrate. Thermal ellipsoids set at the 67%
probability level. Selected bond lengths K1 O3 2.732 K1 02 2.745(5) K1 02 3.145(5) K1 O1
2.766(5) K1 O1 2.868(6) K1 N5 2.919(6) K1 N3 2.980(6) K1 N3 3.121(6) O3 K1 2.732 02 N1
1.257(9) 02 K1 3.145(5) O1 N1 1.240(9) O1 K1 2.766(5) O1 K1 2.868(6) N2 N3 1.356(8) N2 N1
1.395(9) N2 C3 1.340(8) N4 N5 1.370(8) N4 N3 1.313(8) N5 C3 1.351(9) N5 K1 2.919(6) N3 K1
2.980(6) N3 K1 3.121(6) N1 C5 1.327(9) C3 C4 1.418(9) C4 C5 1.41(1) C4 N1 1.381(8) 0.930 K1
02 2.745(5) K1 02 3.145(5) K1 01 2.766(5) K1 O1 2.868(6) K1 N5 2.919(6) K1 N3 3.121(6) K1
N3 2.980(6) 02 N1 1.257(9) 02 K1 3.145(5) O1 N1 1.240(9) O1 K1 2.766(5) O1 K1 2.868(6) N2
N3 1.356(8) N2 N1 1.395(9) N2 C3 1.340(8) N4 N5 1.370(8) N4 N3 1.313(8) N5 C3 1.351(9) N5
K1 2.919(6) N3 K1 3.121(6) N3 K1 2.980(6) N1 C5 1.327(9) C3 C4 1.418(9) C4 C5 1.41(1) C4 N1
1.381(8) K1 01 2.766(5) K1 O1 2.766(5), Atom Colours: Blue = Nitrogen, Grey = Carbon, Red =

Oxygen, Purple = Potassium, Hydrogen atoms removed for clarity

233



Bonds and Bond lengths and angles

Angles K-NPT.H20 | K-TNPM] K-3, 5- K-3, 4-
DNP.H20[421 | DNP.H.0!42]
C-NO2 1.381(8) 1.432(2), 1.429(2), 1.421(2),
1.446(2), 1.432(2) 1.452(2)

1.452(2)
N-O 1.24(9), 1.222(2)- 1.230(2)- 1.220(2)-

1.257(9) 1.233(2) 1.236(2) 1.224(2)
Pyrazole | 1.413(1), | 1.392(2), | 1.376(3), | 1.386(3),
Ring C-C | 1.418(9) 1.391(2) 1.379(2) 1.392(2)
Pyrazole | 1.327(9), | 1.338(2), | 1.352(2), | 1.324(2),

Ring C-N 1.34(8) 1.340(3) 1.352(2) 1.317(2)
Pyrazole 1.395(9) 1.343(2) 1.346(2) 1.378(2)
Ring N-N
N-K 2.919(6)- 2.785(2)- 2.816(2)- -
3.121(6) 2.828(2) 2.941(2)
O-K 2.745(5)- 2.782(2)- 2.924(2)- 2.974(2)-

3.145(5) 3.205(1) 3.370(2) 3.285(2)

Table 5.4: Selected bond lengths of K-NPT.H20, K-TNP, K-3, 5-DNP.H>0 and K-3, 4-
DNP.H20

5.2.12 Synthesis and characterisation of 3-azido-4,5-dinitropyrazolate

With the synthesis of 3-azido-4-nitropyrazole and K-NPT.H20 confirmed, efforts turned

towards the synthesis of 3-azido-4,5-dinitropyrazole according to the methods of
Herve (Figure 5.40).011

NO,
H N3 H
N N N
\ TFAAHNO, N\ NaNa, MeCN \
| / N - | / N » | / N
O,N O:N O:N
NO, NO, NO,

Figure 5.40: Synthesis of 3-azido-4,5-dinitropyrazole starting from 3,4-dinitropyrazole
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1,3,4-trinitropyrazole(1,3,4-TNP) was synthesised by the in-situ generation of
trifluoroacetylnitrate and subsequent nitration on the ring nitrogen in position 1.4
Product identity and purity was confirmed solely by FTIR spectroscopy through
comparison to the reported values and to FTIR spectra of 3,4-DNP.

5.2.12.1 FTIR Spectroscopy of 1,3,4-TNP

The FTIR spectrum of 1,3,4-TNP shows two intense absorption bands at 1676 and
1284 cm™ (Figure 5.41). These bands are indicative of the vas(NO2) and vsym(NO2)
stretching vibrations of an N bound NO:2 group. These bands can be seen to be
completely absent from the spectrum of 3,4-dinitropyrazole and also match the
reported values for 1,3,4-TNP of 1674 and 1285. All other IR absorptions can be found
within 1-10 cm! of the reported values. Small shifts in band position can be attributed
to the different forms of sample preparation (thin film versus KBr pellets). This was

used as proof of the successful N-nitration of 3,4-dinitropyrazole to form 1,3,4-TNP.

1.6 H

——1,3,4-TNP Thin Film m
———3,4-DNP

1.4

1.2 H
1.0 4

|

0.6

Absorbance

0.4

0.2 1

0.0 1

T T T T T T T ! T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/ cm™
Figure 5.41: Series of layered FTIR spectra (range 4000 to 500 cm-1) showing the

spectra of 1,3,4-trinitropyrazole (black) and a spectrum of 3,4-dinitropyrazole (red)
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5.2.13 Synthesis and FTIR spectroscopy of 3-azido-4,5-dinitropyrazole

1,3,4-TNP was used without further purification in the synthesis of 3-azido-4,5-
dinitroimidazole (Figure 5.40). This resulted in the cine substitution of the N-bound
nitro group. Product identity was confirmed solely by comparison of an FTIR spectrum
of the product to that of the starting material and by comparison to known values for

absorption bands published by Herve.[1]

5.2.13.1 Vibrational Spectroscopy

The FTIR spectrum of the product shows an intense absorption band at 2168
cm® (Figure 5.42). There is also a second slightly less intense band at 2144 cm™. The
band at 2168 cm is indicative of the vas(N3) stretching vibration with the sharp band
at 2143 cm assigned as a product of the fermi resonance of the vas(Ns) stretching
vibration with a combination band comprised of absorption bands appearing in the

fingerprint region.

1.6 1

—1,3,4-TNP Thin Film
—— 3-azido-4,5-dinitroimidazole

14 -

124 |

1.0 1

| Ll

Absorbance

0.6 -

0.4

0.2 — \J

00 ' I 4 | ' I ' | ' I 4 1 ' }
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/ cm™

Figure 5.42: Series of layered FTIR spectra (range 4000 to 500 cm™) showing the spectra of
1,3,4-trinitropyrazole (black) and a spectrum of 3-azido-4,5-dinitropyrazole (red)
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Bands assigned to the vas(NO2) and vsym(NO2) stretching vibrations of the N
bound NO:2 group in 1,3,4-TNP are completely absent from the spectrum of the
product. Absorption bands assigned to C-NO2 groups in 1,3,4-TNP (855, 1335, 1379,
1525 and 1558 cm) and are still present in the spectrum of the product (851, 1336,
1517, 1571 cm?) except for the absorption band at 1379 cm™ which is
indistinguishable from the absorption band of nujol used in sample preparation. The
comparison of the FTIR spectra clearly points to the substitution of an N-NO2 group in
favour of a C-Ns. Comparison to the reported IR absorbances of 3-azido-4,5-
dinitropyrazole also supports the formation of this compound with small band shifts
accounted for by the difference in sample preparation (Table 5.5)

Absorption band | 3-azido-4,5- Product

assignment dinitropyrazole(Published absorption bands/
values!t)/ cm-? cm?t

Vas(N3) 2168 2168

Fermi resonance of | 2142 2143

Vas(N3) and

combination band

Vas(N3) 1572 1571

Vsym(NOZ) 1379 -

Veym(N3) 1232 1234

Not assigned 1130 1130

Not assigned 1019 1019

NO, symmetric bend 851 851

Not assigned 826 828

Not assigned 784 785

Not assigned 761 760

Not assigned 741 741

Not assigned 670 668

Not assigned 513 518

Table 5.5: Comparison of published absorption bands for 3-azido-4,5-dinitropyrazole
and the product obtained in Sheffield of the reaction of 1,3,4-TNP and NaN3

5.2.13.2 Attempted synthesis of sodium-5-azido-4,5-dinitropyrazolate

With evidence to suggest 5-azido-3,4-dinitropyrazolate had been isolated,
formation of its sodium salt was attempted (Figure 5.43). To this end 5-azido-3,4-

dinitropyrazole and a two-fold molar excess of Na2CO3s were added to ethanol and
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refluxed for one hour to produce a bright orange coloured solution. Filtering and
removal of the ethanoic solution in vacuo gave a dark orange solid. FTIR spectra of 5-

azido-3,4-dinitropyrazole and the orange solid were compared to determine reaction

outcome.
N3 \ N; N
=\ EtOH =\ e
NH + 2Na,CO, > N© Na
SN Reflux, 1 hour ~
O,N O,N
NO, NO,

Figure 5.43: Synthesis of Na-3-azido-4,5-dinitropyrazolate

5.2.13.3 FTIR spectroscopy

The broad band associated with the N-H stretch of 3-azido-4,5-pyrazole can be seen
to be absent from the product (assumed to be Na-3-A-4,5-DNP). This confirms that
deprotonation has taken place (Figure 5.44). An intense vas(N3) stretching vibration
can be seen in the spectrum of Na-3-A-4,5-DNP at 2158 cm. The Fermi resonance
present in 3-azido-4,5-dinitropyrazole can still be seen in the spectrum of Na-3-A-
4,5-DNP at 2135 cm™. Assuming the assignment of the product as Na-3-A-4,5-DNP
is correct, the appearance of the vas(N3) stretching vibration shows that for Na-3-A-
4,5-DNP, the azide-tetrazole equilibrium is shifted towards the azide, unlike what is
seen in the case of 3-azido-4-nitropyrazole. This is likely due to the nucleophilicity of
3-azido-4-nitropyrazolate versus 5-azido-3,4-dinitropyrazole. An additional nitro
group attached to the ring reduces the nucleophilicity of the nitrogen formally
carrying the negative charge to the extent that cyclisation cannot take place. In the
case of 3-azido-4-nitropyrazolate, the C-H does not have the same electron
withdrawing effect and so cyclisation can occur.

To identify both the composition and structure of Na-3-A-4,5-DNP, single
crystals were grown from slow evaporation of aqueous solutions of 5-azido-3,4-

dinitropyrazole and NaOH over the course of 21 days. This resulted in the growth of

238



yellow, rectangular needle crystals. These crystals proved to be of sufficient quality to
undergo SCXRD studies which gave the structure of the compound

2.0 5

1.8

3-azido-4,5-dinitropyrazole
—— Na-3-A-4,5-DNP

1.6
1.4 +
1.2 1

1.0 H

Absorbance

0.8 1
0.6

0.4 1

0.2 1

0.0 +
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Figure 5.44: Series of layered FTIR spectra (range 4000 to 500 cm™) showing the spectra

of 3-azido-4,5-dinitropyrazolate (black) and sodium-3-azido-4,5-dinitropyrazolate (red)

5.2.14 Crystal structure of disodium-3-oxido-4-nitropyrazolo[1,5

d]tetrazolate.5H20

Instead of obtaining Na-5-azido-3,4-dinitropyrazolate the structure solution confirmed
the compound to instead be disodium-3-oxido-4-nitropyrazolo[1,5 d]tetrazolate.5H20
(Figure 5.45). This is the first reported synthesis of this compound and represents the
discovery of a potential new energetic ligand. Clearly, dissolution in alkali solutions
over long periods of weeks results in substitution of one of the nitro groups.
Substitution by OH- occurs at the 3-nitro group rather than the 4-nitro group as seen

in trinitropyrazole.[*]
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Figure 5.45: Structure of disodium-3-oxido-4-nitropyrazolo[1,5 d]tetrazole

The crystal structure of sodium-3-oxido-4-nitropyrazolo[1,5 d]tetrazolate is an
interesting discovery when compared to Na-5-azido-3,4-dinitropyrazole. While only a
tentative assignment, the FTIR of Na-5-azido-3,4-dinitropyrazole confirms the
presence of an organic azide in a comparable position to that found for the free acid.
The oxido group does not reduce the nucleophilicity of the nitrogen carrying the formal
negative charge as much as a nitro group and so does not prevent cyclisation from
occurring. Disodium-3-oxido-4-nitropyrazolo[1,5 d]tetrazolate.5H20 forms as an
infinitely extending coordination polymer in the P21/c space group (Figure 5.46). Long
chains are held together by bonds between sodium, 3-oxido-4-nitropyrazolo[1,5
d]tetrazolate and water with hydrogen bonding present between layers. There are two
crystallographically independent sodium atoms in the structure. Nal is bound in a
distorted octahedron. Nal forms bonds to three H20 molecules and two units of 3-
oxido-4-nitropyrazolo[1,5 d]tetrazolate. Two of the H20 molecules bridge between Nal
and Na2 with the final H2O molecule bound equatorially and trans to one of the bridging

H20 molecules.
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Figure 5.46 : Projections of the thermal ellipsoid in the molecular structure of the crystals of
disodium-3-oxido--4-nitropyrazolo[1,5 d]tetrazolate pentahydrate. Thermal ellipsoids set at the
67% probability level. Selected bond lengths Nal 06 2.418(9) Nal O7 2.379(9) Nal O8
2.432(8) Nal O1 2.325(8) Nal O3 2.429(9) Nal O2 2.436(8) Na2 O3 2.383(9) Na2 O6
2.333(9) Na2 03 2.39(1) Na2 O7 2.457(9) Na2 N5 2.58(1) Na2 O3 2.358(8) O3 Na2 2.358(8)
01 C3 1.28(1) O1 Nal 2.325(8) O3 N6 1.26(1) O3 Nal 2.429(9) O2 N6 1.26(1) O2 Nal
2.436(8) N5 N4 1.39(1) N5 C1 1.33(1) N1 N2 1.41(1) N1 C3 1.35(1) C2 N6 1.34(1) C2 C3
1.46(2) C2 C1 1.45(2) N3 N4 1.33(1) N3 N2 1.33(1) N2 C1 1.34(1) Na2 O3 2.383(9), Atom
Colours: Blue = Nitrogen, Grey = Carbon, Red = Oxygen, Purple = Sodium, hydrogen

atoms removed for clarity

The final three bonds making up the coordination sphere of Nal are bonds to nitro
group and oxido group oxygen atoms of two 3-oxido-4-nitropyrazolo[1,5 d]tetrazolato
moieties. One unit of 3-oxido-4-nitropyrazolo[1,5 d]tetrazolate binds in a chelating
manner through the oxygen atom, O1, of the oxido group and O3 of the nitro group.
The other unit of 3-oxido-4-nitropyrazolo[1,5 d]tetrazolate binds through O2 to Nal
completing the distorted octahedron. Na2 also forms a distorted octahedron but forms

its coordination sphere via five bonds to water and one to 3-oxido-4-nitropyrazolo[1,5
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d]tetrazolate. Four of the water molecules are engaged in bridging between sodium
centres with two involved in the bridge towards Nal with another two H20 molecules
bridging between two Na2 centres. The final H20 is bound equatorially and trans to
one of the H20s bridging to Na2. Na2 only forms one bond to 3-oxido-4-
nitropyrazolo[1,5 d]tetrazolate with N5 binding axially. No other ring nitrogen atom
takes part in bonding to Nal/Na2. N1, N3 and N4 all engage in strong hydrogen
bonding towards H20 molecules with bond lengths between 1.944-2.196 A. Much like
in the case of K-4-nitropyrazolo[1,5 d]tetrazolate.H20 the nitro group of Naz-3-oxido-
4-nitropyrazolo[1,5 d]tetrazolate sits almost perfectly in plane with only a minor twist
by 0.77 degrees out of plane. This is in stark contrast to many known
pyrazoles/pyrazolates with a nitro group bound in the 4-position and another
substituent in the 3-position as this tends to produce a nitropyrazole/ate with a nitro
group heavily twisted out of plane, as seen in the earlier discussed K-TNP. The
tetrazole rings of both of K-4-nitropyrazolo[1,5 d]tetrazolate.H-O and disodium-3-
oxido-4-nitropyrazolo[1,5 d]tetrazolate.5H20 are very similar in regard to their bond
lengths and angles. Small differences can be seen in the bond angles between K-4-
nitropyrazolo[1,5 d]tetrazolate.H2O and disodium-3-oxido-4-nitropyrazolo[1,5
d]tetrazolate.5H20 but the rings follow the same trends in bond angles. However, both
compounds deviate significantly compared to potassium-tetrazolate. While N4-N5-C
angles are generally consistent across all compounds, bond angles N3-N4-N5, N2-
N3-N4, C-N2-N3 and N5-C-N2 all have much larger discrepancies with C-N2-N3
having a large bond angle change between pyrazolo-tetrazoles (110.6(5)°-111.59(9)°)
and potassium tetrazolate (103.64°-104.85°). Changes in bond length can also be
observed with potassium tetrazolate having the shortest C-N and N2-N3/N4-N5
lengths while disodium-3-oxido-4-nitropyrazolo[1,5 d]tetrazolate.5H20 has the longest
N1-N2 bond length observed at 1.388. These bond lengths and angles highlight the
distorted tetrazole present in pyrazolo-tetrazoles compared to the symmetrical
tetrazolate found in potassium tetrazolate. disodium-3-oxido-4-nitropyrazolo[1,5
d]tetrazolate.5H20 is also found to have by far the shortest C-NO2 bond of any of the
compared nitropyrazoles at 1.339 A. N-O lengths are similar to that found in K-
NPT.H20 however the average N-O length in disodium-3-oxido-4-nitropyrazolo[1,5

d]tetrazolate.5H20 can be seen to be longer (Table 5.6).
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K-4- Disodium-3-oxido- Potassium- K-
nitropyrazolo[1,5 | 4-nitropyrazolo[1,5 | Tetrazolate!*d | TNP!1
d]tetrazolate.H20 | d]tetrazolate.5H20

C-NO2/ A 1.381(8) 1.339(1) - 1.432(2),
1.446(2),
1.452(2)
N-O/A | 1.24(9)-1.257(9) | 1.258(1)-1.264(1) - 1.222(2)-
1.233(2)
ONO- | 2.745(5)-3.145(5) | 2.429(9)-2.436(8) - 2.782(2)-
K/Na/ A 3.205(1)
N-K/Na/ A | 2.919(6)-3.121(6) 2.580(1) 2.88(5)- | 2.785(2)-
2.981(1) 2.828(2)
N4-Ns-C/ ° 103.60(5) 104.29(9) 103.64-104.85 -
Na-Na-Ns/ ° 113.64(5) 112.60(9) 109.27-109.89 -
N2-N3-Na/ ° 103.68(5) 103.50(8) 109.27-109.89 -
C-N2-Na/ ° 110.60(5) 111.59(9) 103.64-104.85 -
Ns-C-N2/° 108.45(6) 108.13(1) 112.4-114.15 -
C-N/A | 1.34(8)-1.351(9) | 1.328(1)-1.336(1) 1.308(1)- -
1.333(1)
N2-N3/Na- | 1.356(8)-1.37(8) | 1.334(1)-1.388(1) 1.331(8)- -
Ns/ A 1.349(5)
N3-Na/ A 1.313(8) 1.328(1) 1.300(5)- -
1.309(5)

Table 5.6: Comparison of selected bond lengths and angles of nitro groups and
tetrazole rings in K-NPT.H20, Naz-3-O-4-NPT.5H20, potassium tetrazolate and
potassium trinitropyrazolate

These bond lengths heavily suggest the presence of the ‘charged’ NO2 group in
disodium-3-oxido-4-nitropyrazolo[1,5 d]tetrazolate.5H20. FTIR spectra could not be
recorded during the timeframe of this research to corroborate this claim. Differences
between Na-N/ K-N bond lengths and ONO-Na/K bond lengths in K-NPT.H20 and
disodium-3-oxido-4-nitropyrazolo[1,5 d]tetrazolate.5H20 can be prescribed to the
differing strengths of attraction of the respective to anions to Na/K with Na binding
much more strongly than K. A similar effect can be seen in the crystal structures of

potassium tetrazolate and sodium tetrazolate monohydrate. [
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5.2.15 Thermal analysis, impact sensitiveness and detonation performance

parameter calculations of novel salts

With  potassium-2-azido-4-nitroimidazolate  (K-2-A-4-NIm.H20), potassium-4-
nitropyrazolo[1,5 d]tetrazolate.H.O (K-NPT.H20) and disodium-3-oxido-4-
nitropyrazolo[1,5 d]tetrazolate.5H20 (Na2-3-O-4-NPT.5H20) constituting a class of
compound not previously investigated as energetic materials it is important to analyse
sensitiveness, thermal behaviour and calculate P and D values for these materials and
compare them to known alkali metal primary explosives to assess the potential of
these compounds for application as LFI’'s (as either lead azide or lead styphnate

replacements).

5.2.15.1 Thermal analysis

The thermal behaviour of all three compounds was investigated by differential
scanning calorimetry. All compounds were sealed in closed stainless-steel high-
pressure DSC capsules and heated at a heating rate of 3 K min-t. Onset temperatures
for exotherms were calculated by the intersection of the tangent of maximum gradient
with the projected baseline. Peak temperatures were taken from the point of highest
heat flow.

Potassium-4-nitropyrazolo[1,5 d]tetrazolate.H20 has three thermal events in
the temperature range scanned (Figure 5.47). A small endothermic peak in the region
110-140 °C could indicate loss of the H20 molecule. It could also be an indication that
a melting of the material is taking place though usually melts appear much sharper
than this endothermic peak. The large exothermic peak can be assumed to be relating
to the decomposition of K-4-nitropyrazolo[1,5 d]tetrazolate.H20. The compound has a
peak temperature of decomposition at 204.9 °C with an onset temperature of 198.2 °C
and possess a molar enthalpy of decomposition at 278.9 kJ /mol. There exists a
second exothermic peak in the spectrum though this one is much less sharp than the
first. This could be a decomposition of the decomposition product of K-4-
nitropyrazolo[1,5 d]tetrazolate.H20. An onset temperature of 198.2 °C for the main

exotherm is almost at the required 200 °C for potential lead free initiators and so as
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far as decomposition temperature is concerned K-NPT.H20 can be considered a
potential LFI.

Disodium-3-oxido-4-nitropyrazolo[1,5 d]tetrazolate.5H2-0 was shown to have
two thermal events in the temperature range scanned (Figure 5.48). A small, two
stage endothermic peak in the region 75-100 °C could indicate either loss of water or
that the sample is melting. The large exothermic peak was assumed to be the
decomposition of Naz-3-oxido-4-nitropyrazolo[1,5d]tetrazolate. The onset temperature
of Na2-3-oxido-4-nitropyrazolo[1,5 d]tetrazolate was 233.7 °C with a peak temperature
of 240.4 °C. This is above that required of primary explosives and so does suggest
that Naz-3-oxido-4-nitropyrazolo[1,5 d]tetrazolate may be a viable sodium based
alternative to lead explosives. The molar enthalpy of decomposition is 405.4 kJ/mol.
This is above that for DBX-1 when recorded on the same instrument.

K-2-A-4-NIm was found to have 3 thermal events in the temperature range
scanned (Figure 5.49). The large exothermic peak was assumed to be the
decomposition of the 2-azido-4-nitroimidazolato moiety. This peak was found to have
an onset temperature of 116.5 °C and a peak temperature of 134.2 °C with a molar

enthalpy of decomposition of 128.1 kJ/mol.

Heat flow (Normalised)
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Figure 5.47: DSC calorigram for K-NPT.H,O (exothermic events show as an increase of heat

flow).
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Figure 5.48: DSC calorigram for Naz-3-O-4-NPT.5H.O (exothermic events show as an

increase of heat flow).
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Figure 5.49: DSC calorigram for K-2-A-4-NIm (exothermic events show as an increase of

heat flow).
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5.2.15.2 DSC and Detonation performance parameter calculations

By making similar assumptions as has been shown for the novel Cu(l)-nitroazolates
and transition metal-triazenido compounds the values for enthalpy of decomposition
(AHd4) measured by DSC can be used to estimate heat of formation (AHs) for the novel
compounds. DSC can also be used to find thermal decomposition temperatures for
each of the novel salts. As the crystal structure of each of these compounds is known,
crystal density can be calculated from the unit cell volume. For these calculations

crystal density is taken as the maximum loading density.

Compound Tdec/ °C AHt/ kJ mol- | D/ km s | P/ kbar
1

K-NPT.HO  [198 -653.2 4.871 110.23

Na- 233.4 -706.2 4.944 107.46

ONPT.5H20

K-2-A-4-NIm 116.5 -804.0 3.970 72.61

K2DNABTM 200 326.40 8.33 317

KDNPMél 285 -197.07 - 117

KDNBF7] 217 - - -

Pb(N3)2[*] 313 - 5920 338

Table 5.7: Comparison of Tdec, AH;, D and P values for K-NPT.H20, Na»-3-O-
ANPT.5H20 and K-2-A-4-NIm against known alkali metal primary explosives and lead

azide

K-NPT.H20 and Na2-3-O-4-NPT both have predicted detonation velocities and
pressures lower than that for other known alkali metal LFI's (Table 5.7). However, the
values for D and P are still within the expected ranges for primary explosives. K-
NPT.H20 has a decomposition temperature close to that of the proposed LFI
K2DNABT whilst Naz-3-O-4-NPT has a decomposition temperature exceeding that of
two of the known alkali metal LFI’s. This, provided both K-NPT.H20 and Na2-3-O-4-

NPT have sufficient sensitivity to stimuli to initiate secondary explosives, along with
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the calculated Q and P values does make K-NPT.H20 and Na2z-3-O-4-NPT interesting
as potential LFI's. With values for D and P much lower than that found for K2DNABT
(a proposed replacement for lead azide) it is likely K-NPT.H20 and NA2-3-O-4-NPT
would instead serve as lead styphnate replacements and find use in igniters (ignition
to burning) over detonators (ignition to detonation and shockwave generation). K-2-A-
4-NIm suffers a very low thermal decomposition temperature when compared to lead
azide and the alkali metal LFI's. This can be attributed to the azide-tetrazole
equilibrium favouring azide formation in imidazolates, resulting in lower decomposition

temperatures. This seemingly rules out a practical use for K-2-A-4-NIm.

5.2.15.3 Drop weight testing of K-NPT.H20

The impact sensitiveness of K-NPT.H20 was recorded on the Sheffield Drop Weight
Tester (Figure 5.50). A weight of mass 0.9kg with a shaped striker pin was dropped
on samples of K-NPT.H20 sealed in aluminium foil with masses ranging from 8-12(+1)
mg. Drops were recorded as “go’s” or “no-go’s” determined by observed flashes,
auditory events (crack, bangs etc) and noticeable changes to sample (formation of
detonation residues usually as a black soot-like material, smoke give off etc). When
“go’s” are recorded of K-NPT.H20, an audible crack can be heard, smoke is given off,
a black soot-like material is deposited on the striker pin and in the drop weight crater
and a red flash can on occasion be observed. K-NPT.Hz20 is recorded to have an IS
of 4.3 J. K-NPT.H20 is therefore as sensitive as many recorded primary explosives
including DBX-1 (4 J, recorded on the Sheffield Drop Weight tester) but is found to be
less sensitive than lead azide (1J).1*°! The water that crystallises along with K-NPT can
be assumed to have a phlegmatizing effect, reducing IS. If K-NPT can be desolvated
under vacuum, it is predicted that the IS will increase resulting in an even more impact
sensitive material. This result shows that even with the azide-tetrazole tautomer
favouring tetrazole formation in nitropyrazolates, the high sensitiveness of the azido
group is retained. The impact sensitiveness of Naz-3-O-4-NPT.5H20 was not recorded
and so it is unclear if it also shares the high sensitiveness of K-NPT.H20, however
until drop weight testing can be done it is sensible to assume a high IS for this

compound for safety purposes.
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Figure 5.50: Graph showing the probability of initiation of samples of K-NPT.H20 at
different drop heights. The Eso values were determined by curve-fitting using the

Weibull function y= a - (a - b)exp(-(k x)9).

Overall, both K-NPT.H20 and Na2-3-O-4-NPT can be treated as prospective LFIs
(Specifically lead styphnate replacements) with further investigation needed. K-2-A-4-
NIm suffers from low thermal stability and so cannot be seen as a viable LFI. The
formation of tetrazole rather than azide is seen as the cause of the higher thermal
stability of K-NPT.H20 and Naz-3-O-4-NPT compared to K-2-A-4-NIlm. For K-
NPT.H20, formation of tetrazole does not result in a largely reduced IS; K-NPT.Hz20 is
a compound that matches the IS of well know LFI's such as DBX-1. While K-NPT.H20
and Naz-3-O-4-NPT have lower performance parameters than many known alkali
metal LFI’s they are still within the range of values expected of primary explosives and

warrant further investigate into their practical use as such.

249



5.3 Conclusions

Following previous publications detailing the synthesis of 2-azido-4-nitroimidazole
results in the isolation of a yellow oil which upon standing and allowing for evaporation
of residual acetic acid results in the crystallisation of 2-azido-4-nitroimidazole.
However, even with strict adherence to the published procedures yields of 2-azido-4-
nitroimidazole were insufficient to allow for scale up and bulk synthesis. Altering the
reactions conditions did result in a higher mass yield however this was due to formation
of parabanic acid, a side product which forms due to oxidation of the imidazole ring. If
the reaction is heated to 50 °C for 16 hours all 2-azido-4-nitroimidazole and 2-
azidoimidazole starting material is consumed and only parabanic acid forms.
Parabanic acid has 1 signal in the *H NMR at 11.76 ppm and two signals in the 13C
NMR at 160.26 and 155.18 ppm. This matches closely to the published *H and 3C
NMR spectra for 2-azido-4,5-dinitroimidazole, the synthesis of which was first detailed
by the same authors as for 2-azido-4-nitroimidazole. Therefore, it is believed that 2-
azido-4,5-dinitroimidazole has not in fact been synthesised by these authors and
remains a non-synthesised potential energetic material. Potassium-2-azido-4-
nitroimidazole can be synthesised from the reaction of 2-azido-4-nitroimidazole with
K2COs. Potassium 2-azido-4-nitroimidazolate crystallises from ethanol as its
monohydrate. 3-azido-4-nitropyrazole can be synthesised via a new synthetic route in
high yields through nitration of 3-azidopyrazole. Reaction with K2CO3s does not result
in the formation of potassium-3-azido-4-nitropyrazolate but instead forms K-4-
nitropyrazolo[1,5 d]tetrazolate. Recrystallisation from ethanol allowed for the
determination of the crystal structure as K-4-nitropyrazolo[1,5 d]tetrazolate.H20. 3-
azido-4,5-dinitropyrazole can be formed and reacted with Na2COs to form Na-3-azido-
4,5-dinitropyrazolate. However, if allowed to stand in alkali agueous solution for two
weeks substitution of the nitro group in the five position by hydroxide occurs forming
Naz-3-oxido-4-nitropyrazolo[1,5 d]tetrazolate.5H20. The thermal behaviour and
detonation performance parameters of K-2-azido-4-nitroimidazolate, K-4-
nitropyrazolo[1,5 d]tetrazolate.H20 and Na2-3-oxido-4-nitropyrazolo[1,5 d]tetrazolate
were investigated. K-4-nitropyrazolo[1,5 d]tetrazolate.H20 and Naz-3-oxido-4-
nitropyrazolo[1,5 d]tetrazolate proved to be thermally stable enough to potentially have
use as primary explosives. Potassium 2-azido-4-nitroimidazolate has a very low

decomposition temperature and so will find no practical use as an energetic
250



compound. All salts proved to have detonation performance characteristics in the
ranges expected of primary explosives but are lower than that found for other alkali
metal lead free initiators. Impact sensitiveness was also measured for K-4-
nitropyrazolo[1,5 d]tetrazolate.H20. K-4-nitropyrazolo[1,5 d]tetrazolate.H20 was found
sensitive towards impact with an IS similar to that of DBX-1. Dehydrating both K-
NPT.H20 and Na2-3-oxido-4-nitropyrazolo[1,5 d]tetrazolate.5H20 could potentially

result in compounds with extremely high impact sensitiveness.
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5.4 Experimental
5.4.1 Synthesis of 2-azidoimidazolel¥

2-Aminoimidazole hemisulphate (6.60 g, 50.0 mmol) was dissolved in HCI (5.0 mol L
1,40 mL) and stirred at 0 °C under ice-water bath cooling. An aqueous solution (30
mL) of NaNO2 (3.46 g, 50.2 mmol) was then added portion wise, maintaining the
temperature at 0°C. This resulted in the formation of a clear yellow solution. An
aqueous solution of NaNs (3.26 g, 50.2 mmol, 10 ml of H20) was then added
dropwise, maintaining the temperature at 0 °C. This results in the formation of an
orange solution. The mixture was stirred at 0 °C for 1 hours before stirring at room
temperature for another 20 hours. Following the 20 hour stir, the solution had turned
yellow. NaHCO3 was added until pH 7 was reached (large amounts of foam form
during this process), at which point the reaction mixture was extracted by ethyl
acetate (3 x 100 mL) (foam dissolves into ethyl acetate). The combined organic
layers were dried over anhydrous Na2SOas. After filtration and evaporation of ethyl
acetate in vacuo, an orange solid was obtained. The crude solid was not purified
before any further reactions. Yield: 4.43 g, 81.21 % yield. 1 HNMR (400 MHz,
DMSO-ds, 8): 6.89 (s, 1H), 12.03 (s, 1H); 13 CNMR (400 MHz, DMSO-ds, d): 139.49,
124.312, 105.28.)) IR (nujol) v/ cm™ = 3156, 3144, 3119, 3042, 2131, 1707, 1583,
1485, 1467, 1307, 1236, 1161, 1152, 1116, 1099, 991, 865, 834, 811, 780, 770, 740,
695

5.4.2 Synthesis of 2-azido-4-nitroimidazole (ANI) [22

2-azidoimidazole (0.2 g, 1.83 mmol) was added to nitric acid (68%, 2 mL) at room
temperature to form an orange solution. H2SO4 (98%, 3 ml) was added dropwise
over the course of 4 h with temperature maintained at room temperature. By the end
od addition the solution had turned yellow. The reaction mixture was poured into an
ice—water mixture, then extracted with ethyl acetate (200 ml). The extracts were
dried over anhydrous magnesium sulfate and evaporated to leave a yellow oil.
Allowing the oil to slowly desolvate resulted in the growth of bright yellow crystals of
2-azido-4-nitroimidazole. Yield: 70mg, 24.8%; 'H NMR (400 MHz, DMSO-de): d 8.27
(s, 1H), 13.44 (s, 1H); 13C NMR (400 MHz, DMSO-ds): 6 119.21, 140.61, 145.02. IR
(nujol) v/ cm™ = 3147, 2142, 1567, 1546, 1526, 1501, 1460, 1446, 1394, 1358,
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1306, 1255, 1236, 1207, 1108, 1016, 1002, 865, 830, 820, 791, 754, 722, 704, 573,
526

5.4.3 Synthesis of potassium-2-azido-4-nitro-imidazolate monohydrate

2-azido-4-nitroimidazole (0.5 g, 3.24 mmol) and K2COs (0.897 g, 6.49 mmol) were
added to ethanol (50 ml) and stirred for 6 hours. The suspension was then filtered and
allowed to slowly evaporate for 3 days resulting in the growth of irregularly shaped
orange crystals. The crystals were identified as potassium-2-azido-4-nitro-imidazolate
monohydrate. Yield: 0.511 g, 75.03%; *H NMR (400 MHz, DMSO-ds): & 7.63(s, 1H);
13C NMR (400 MHz, DMSO-de): 6 132.50, 141.28, 148.27. IR (nujol) v/ cm™ = 3421,
2422, 2151, 1661, 1486, 1468, 1404, 1394, 1376, 1292, 1225, 1218, 1194, 1129,
1066, 1008, 991, 845, 833, 825, 794, 769, 752, 724, 702. DSC, Ton = 134.2 °C (dec.),
Tpeak = 116.5 °C, AH =609.2 Jgt, 3 Kmin™

5.4.4 Synthesis of 3-azidopyrazolel¥

3-aminopyrazole (4.15 g, 50.0 mmol) was dissolved in HCI (5.0 mol L -1, 40 mL) and
stirred at O °C under ice-water bath cooling. An aqueous solution (30 mL) of NaNO2
(3.46 g, 50.2 mmol) was then added portion wise, maintaining the temperature at
0°C. An aqueous solution of NaNs (3.26 g, 50.2 mmol, 10 ml of H20) was then added
dropwise, maintaining the temperature at 0°C. The mixture was stirred at 0°C for 1
hours before stirring at room temperature for another 20 h. NaHCO3 was added until
pH 7 was reached, at which point the reaction mixture was extracted by ethyl acetate
(3 x 100 mL). The combined organic layers were dried over anhydrous Na2SOa.
After filtration and evaporation of ethyl acetate in vacuo, an orange solid. The crude
solid was not purified before any further reactions. Yield: 3.3 g, 60.5%.  HNMR (400
MHz, DMSO-ds, d): 6.00 (s, 1H), 7.73(s, 1H), 12.71(s, 1H); 13 CNMR (400 MHz,
DMSO-ds, 0): 95.28, 131.16, 146.62. IR (nujol) v/ cm™ = 3173, 3129, 3060, 2182,
2120, 2078, 1542, 1484, 1467, 1380, 1365, 1311, 1225, 1185, 1092, 1048, 993, 920,
870, 800, 769, 753, 746, 601, 531
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5.4.5 Synthesis of 3-azido-4-nitropyrazole monohydrate

3-Azidopyrazole (0.8 g, 7.33x10°3 mol) is dissolved in HNO3(68%, 8 ml) at room
temperature to form a dark brown solution. H2SO4 (98%, 12 ml) is added portionwise
keeping temperature between 20-30 °C to form an orange solution. Solution is stirred
at room temperature for 8 hours. The still orange solution is quenched in 2509 of ice
water and extracted with ethyl acetate (3 X 100 ml). The extract is dried over MgSO4
before filtering and removal of ethyl acetate in vacuo to leave a brown oil with an
odour of acetic acid. The acetic acid was removed in vacuo over 3 hours until the oll
began to crystallise. Oil was removed from the vacuum and allowed to slowly
evaporate for 24 hours which resulted in the growth of pale-yellow rectangular
crystals and a microcrystalline yellow powder. The product was identified as 3-azido-
4-nitropyrazole monohydrate. Yield 1.04 g, 82.4% ' HNMR (400 MHz, DMSO-ds, d):
3.64 (s, 2H), 8.84 (s, 1H), 13.90(s, 1H); 13 CNMR (400 MHz, DMSO-ds, d): 124.63,
132.22, 142.43. IR (nujol) v/ cm™ = 3603, 3419, 3300, 3130, 2121, 1621, 1555,
1540, 1522, 1499, 1467, 1407, 1387, 1378, 1312, 1283, 1235, 1220, 1174, 1156,
1100, 1055, 996, 931, 927, 848, 835, 781, 756, 709, 680, 629, 529

5.4.6 Synthesis of potassium-4-nitropyrazolo[1,5 d]tetrazolate.H20

3-azido-4-nitropyrazole monohydrate (2.492 g, 0.0145 mol) and K2CO3 (4 g, 0.029
mol) were added to acetone (150 ml) and stirred for 6 hours. The suspension was then
filtered and allowed to slowly evaporate for 3 days resulting in the growth of irregularly
shaped orange crystals. The crystals were identified as potassium-4-nitropyrazolo[1,5
d]tetrazolate.H20. Yield 2.392 g, 78.48% * HNMR (400 MHz, DMSO-ds, d): 3.37 (s,
2H), 8.34 (s, 1H); **CNMR (400 MHz, DMSO-ds, d): 142.54, 145.18. IR (nujol) v/cm™
= 3451, 3106, 1696, 1674, 1628, 1576, 15621463, 1422, 1309, 1225, 1177, 1158,
1116, 1009, 982, 903, 847, 833, 789, 760, 736, 653. DSC, Ton = 198.2 °C (dec.), Tpeak
=204.9 °C, AH = 278.87 kd mol™, 3 K min™!

5.4.7 Synthesis of 1,3,4-trinitropyrazolel!!

3,4-dinitropyrazole (410 mg, 2.6 mmol) is added in small portions into a cold mixture
of trifluoroacetic anhydride (10.5 mL) and fuming nitric acid (2.825 g, 1.85 mL) at 0

°C. The temperature is allowed to rise to 15 °C over 3 hours. The reaction mixture is
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poured onto 50 g of ice and then the product is extracted with dichloromethane (2x
100 ml). The organic phases are combined, dried over magnesium sulphate, filtered
and concentrated under vacuum. The crude product is isolated as a pale-yellow oll
(336 mg, 32% yield) and was used without further purification. IR (nujol) v/ cm™ =
3146, 2952, 2904, 1678, 1562, 1520, 1452, 1379, 1357, 1335, 1285, 1236, 1171,
1112, 1063, 981, 953, 923, 855, 807, 758 743, 731, 700.

5.4.8 Synthesis of 3-azido-4,5-dinitroprazolell

A solution of 1,3,4-trinitropyrazole (336 mg, 1.65 mmol) in 40 mL of acetonitrile is
poured slowly into a stirred suspension of sodium azide (0.534 g, 8.22 mmol)
suspended in acetonitrile (6.5 mL) at 0°C. After 1 hour, the solvent is removed in
vacuo before dissolution of the solids in the minimum amount of water. The solution
is then acidified to pH 1 at 0 °C with 37% hydrochloric acid solution. The mixture is
extracted with 60 mL of diethyl ether 3 times. The organic phases are combined,
washed with brine, dried over magnesium sulphate, filtered and concentrated under
vacuum to leave an orange oil. 2 ml of DCM was added to aid crystallisation. Upon
addition and stirring at room temperature a yellow-orange solid crystallises. 5-Azido-
3,4-dinitropyrazole is collected by filtration and dried in vacuo to yield a yellow-
orange crystalline solid (244 mg, 74.9% yield). IR (nujol) v/ cm™ = 3648, 3234,
2251, 2166, 2143, 1566, 1514, 1455, 1427, 1338, 1233, 1179, 1131, 1092, 1021,
927, 855, 826, 806, 785, 763, 745, 673, 630, 548

5.4.9 Synthesis of Sodium-3-azido-4,5-dinitropyrazolate.XH20

3-azido-4,5-dinitropyrazole (0.200 g, 1.006 mmol) and K2COs (0.139 g, 2.012 mol)
were added to acetone (15 ml) and stirred for 6 hours. The suspension was then
filtered and allowed to slowly evaporate for 3 days resulting in the growth of
irregularly shaped orange crystals. The crystals were identified as sodium-3-azido-
4,5-dinitropyrazolate.XH20. Mass yield: 198 mg. IR (nujol) v/ cm™ = 3441, 2212,
2160, 2132, 1620, 1583, 1534, 1512, 1488, 1457, 1393, 1353, 1334, 1285, 1218,
1138, 1085, 1007, 851, 826, 761.

5.4.10 Synthesis of disodium-3-oxido-4-nitropyrazolo[1,5 d]tetrazolate.5H20

3-azido-4,5-dinitroprazole (0.100 g, 0.503 mmol) was dissolved in 10 ml H20.

NaOH(0.2 g 0.503 mmol) was added and the solution left to slowly evaporate over 21
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days. After 21 days orange needle crystals had formed. Crystals were stable when
stored in the mother liquor but deteriorated if left to fully desolvate. Single crystal data
are given in the Sl. Yield: 40 mg, 22.5%. DSC, Ton = 233.7 °C (dec.), Tpeak = 240.4 °C,
AH = 405.4 kJ mol™, 3 K min™t
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6. Conclusion

Investigations into the use of nitroazoles, azidonitroazoles and azolyltriazenes as lead
free initiators have been conducted. As reported problems in the synthesis of DBX-1
were preventing its adoption as the go to lead free initiator, we conducted a thorough
investigation into the synthetic conditions needed for consistent DBX-1 production. It
was found that the use of NaNT.2H20, purified only through Soxhlet extraction, in the
Cu(I/Cu(l) reduction reaction does not result in the formation of DBX-1. Using
NaNT.4H20 was required for any successful synthesis of DBX-1. A secondary
product, DBX-X, a wine-red chlorine-containing copper nitrotetrazolate, CuzCI(N4C-
NO2)2, was discovered. Crystaline DBX-X forms as an infinitely extending
coordination polymer with a density higher than that reported for DBX-1. Control over
the reaction products could be attained but required careful control over the presence
of seed crystals. Seeding the reaction vessel with DBX-1 crystals allowed for
consistent formation of pure DBX-1 in high yield. DBX-X can be selectively made but
the thermodynamic favouring of DBX-1 formation makes consistent large scale
synthesis problematic DBX-X proves be highly friction and impact sensitive, much
more so than either DBX-1 (Cu(N4C-NO3)) or lead azide and decomposes violently
upon rapid heating or shock. CusCl (N4C-NO2)2 is a powerful explosive but has lower
energetic parameters than DBX-1. Both DBX-1 and DBX-X prove to be stable in air
indefinitely, however, CusCI(N4C-NOz2)2 decomposes under water within weeks. Due
to this its lower decomposition temperature, and its lower detonation performance
parameters CusCI(N4C-NOz2)2 is ruled out as an alternative to DBX-1.

With the difficulties in DBX-1 synthesis fully explored, novel Cu(l)-nitroazolates
were synthesised with the intention of forming viable DBX-1/ Pb(Nz3)2 alternatives. Six
new Cu(l)-nitroazolates were formed through the use of the same reaction scheme
that produced DBX-1. Cu4(DNT)sCl was formed through the addition of NaDNT.2H20
to aqueous CuCl2 solutions followed by addition of sodium ascorbate. The crystal
structure of Cus(DNT)3Cl was determined and compared to DBX-X as the only other
know Cu-chlorido-nitroazolato coordination polymer. Cu2-TNBI was synthesised and
although the crystal structure could not be determined, product purity and identity were
proven through EA and Cu content analysis. Likewise, Cu-2,4-DNI and Cu-4,5-DNI

were also synthesised and product identity was proven through FTIR and EA. Cu-3,5-
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DNP and Cu-ADNP were synthesised and each had their crystal structure recorded
with Cu-3,5-DNP forming as a coordination polymer whereas Cu-ADNP formed as
trimeric CusADNP3 units. All compounds proved highly temperature stable with the
most thermally unstable, Cus(DNT)sClI, still being 67 °C above the threshold for lead
free initiators (~200 °C). The detonation parameters for all compounds were calculated
with some (Cuz2-TNBI, Cus(DNT)3Cl and Cu-ADNP) proving to have high predicted Q,
D and P values. The impact sensitiveness of Cu2-TNBI, Cus(DNT)sCl and Cu-ADNP
was also tested with all compounds being much more sensitive to impact than DBX-
1. Cu2-TNBI and Cu-ADNP can both be considered viable alternatives to DBX-1 with
Cus(DNT)sCl suspected to suffer similar water instability issues as seen for DBX-X.
Cu-3,5-DNP, Cu-2,4-DNI and Cu-4,5-DNI are highly interesting compounds and may,
provided they are proven to possess the sensitiveness’s required of primary
explosives, come to be regarded as other DBX-1 alternatives.

As triazenes represent a class of nitrogen rich ligand with a short history of use
as energetic materials, we researched the use of bis(1-methyl-tetrazol-5-yl)triazene as
an explosophoric ligand. Six new metal-triazenido compounds were synthesised and
their properties recorded. Fe(B1MTT)2.H20 and Co(B1MTT)2.H20 form as water
insoluble, pure microcrystalline powders, Ni(B1MTT)2.H20 forms as an impure, water
insoluble powder. Zn(B1MTT)2 and Pb(B1MTT)2 form as water free powders though
Zn(B1MTT)2 forms with a substantial impurity present. The crystal structures of
Fe(B1MTT)2, Ni(B1IMTT)2 and Co(B1MTT)2 can be formed as their acetone solvates.
All compounds prove to be highly thermally stable compounds, with onset
temperatures of decomposition far above that expected of prospective LFI's. All
compounds have detonation performance parameters in the range expected of
primary explosives. Cu(B1IMTT)(CIl)(H20) can be formed by the addition of
Na(B1MTT).5H20 to aqueous solutions of CuCl.. The crystal structure of
Cu(B1MTT)(CI)(H20) was recorded and found to have a similar structure to other
copper(ll)-triazenido-chlorido compounds. Substitution of the chloride for other
explosophores can occur provided there is a large enough driving force. The novel
nitroazolyl-triazene, bis(1-methyl-3-nitro-1,2,4-triazol-5-yl)triazene was formed as its
PPN salt. The crystal structure of the PPN salt was recorded. Estimated detonation

performance parameters of bis(1-methyl-3-nitro-1,2,4-triazol-5-yl)triazene were
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calculated and compared to values known for other triazenes. BLM3NTT is calculated
to have properties close to or exceeding those found for B2ZMTT.

The azidonitroazoles were investigated as explosophoric ligands. 2-Azido-4-
nitroimidazole can be synthesised but yields never match those of the published
literature. It was found that parabanic acid is produced by the oxidation of 2-
azidoimdazole/2-azido-4-nitroimidazole by the acidic reaction solution. Parabanic acid
is determined to be the product formed by reported syntheses of 2-azido-4,5-
dinitroimidazole. Potassium-2-azido-4-nitroimidazole was synthesised and had its
crystal structure determined. A new, high yielding route to 3-azido-nitroimidazole was
found and the crystal structure of 3-azido-4-nitroimidazole monohydrate determined.
Deprotonation of 3-azido-4-nitroimidazole leads to the formation of potassium-4-
nitropyrazolo[1,5 d] tetrazole which can be crystallised to as its monohydrate, the
crystal structure of which was recorded. The synthesis and crystal structure of the
related Naz-3-oxido-4-nitropyrazolo[1,5 d]tetrazolate.5H20 was also discovered. The
three novel alkali metals salts were investigated as energetic materials. Potassium-4-
nitropyrazolo[1,5 d] tetrazole monohydrate and Naz-3-oxido-4-nitropyrazolo[1,5
d]tetrazolate.5H20 were found to be worse performing than other alkali metal LFI’s but
still within the ranges for Q, D and P expected of primary explosives. The impact
sensitiveness of potassium-4-nitropyrazolo[1,5 d] tetrazole monohydrate was
recorded and was found to be almost as impact sensitive as DBX-1. Potassium-4-
nitropyrazolo[1,5 d] tetrazole monohydrate and Naz-3-oxido-4-nitropyrazolo[1,5
d]tetrazolate.5H20 can be regarded as energetic materials warranting further
investigation. Potassium-2-azido-4-nitroimidazole should find no practical use on

account of its low thermal stability.

6.1 Outlook

The synthesis of DBX-1 has been clearly shown to be a complex process with
multiple possible reaction products depending on various factors. While DBX-X, a
compound with a far higher sensitiveness to impact than DBX-1, should not be viewed
as a viable alternative to DBX-1/Pb(N3s)2, its discovery must be considered in any future
synthesis of DBX-1. If DBX-1 is to be synthesised in the quantities needed to fully

replace Pb(Ns)2 (requiring large-scale industrial set-ups), a lack of appreciation for the
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potential production of the much more sensitive DBX-X could lead to catastrophic
incidents. It is crucial that a further investigation into the conditions that control the
synthesis of both DBX-1 and DBX-X is performed before large scale synthesis should
be attempted.

All 6 novel Cu(l)-nitroazolates detailed in Chapter 3 require further investigation
before they can truly be considered as DBX-1/lead azide replacements. Cuz2-TNBI is
arguably the most promising, with predicted Q, D and P values all higher than those
recorded for DBX-1. Elucidation of the crystal structure of Cu2-TNBI is crucial to obtain
more accurate values for Q, D and P. Provided this can be recorded, Cu2-TNBI should
be tested as a part of initiatory compositions used for detonators. Likewise, all other
Cu(l)-nitroazolates detailed in Chapter 3 require full characterisation prior to their tests
in initiatory compositions.

The work of Chapter 3 is by no means exhaustive and should instead be treated
as a preliminary investigation into Cu(l)-nitroazolato complexes. Cu(l) complexes of
trinitroimidazolate, trinitropyrazolate and tetranitrobispyrazolate are obvious
continuations of the work detailed. Further work in this area should not be limited to
these targeted ligands and should consider the wide variety of explosophoric ligands
whose syntheses have been published. It is highly likely that novel, lead azide
replacements with performance parameters meeting or exceeding that of both DBX-1
and lead azide can be found with further investigation into Cu(l) based primary
explosives.

The synthesis of transition metal-triazenido complexes shows that compounds
with promising properties as primary explosives can be synthesised when exploiting
the capabilities of energetic triazenes as ligands. Further work on these compounds
must focus on full characterisation (specifically drop weight testing) to determine if they
hold practical use as primary explosives. However, it is the synthesis of a novel
nitroazolyltriazene which should inspire the future of work into this class of compound.
With only five known triazenes that can be viewed as energetic materials, there exist
a wealth of novel compounds which can targeted in this underexplored class of
energetic compound such as the nitropyrazolyl/imidazolyl-triazenes. Synthesis of
further novel, energetic triazenes could result in compounds fit for a variety of
purposes from nitrogen rich rocket propellants to explosophoric ligands for the
formation of coordination compounds for use in detonators or igniters. With a
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continued focus from the energetic material community on the synthesis of new
classes of compound, an investigation of an overlooked but known class of compound
in the triazenes should be of increased interest.

The investigation into the synthesis of azidonitroazolates can be continued in a
number of ways. While 2-azido-4-nitroimidazole can be synthesised, the low yields
reported in this thesis show that an improved synthetic route needs to be explored.
Specifically, the conversion of 2-amino-4-nitroimidazole to 2-azido-4-nitroimidazole
(first reported by Hou et al.) should be reinvestigated as an alternative route. With the
work of this thesis also showing the reported synthesis of 2-azido-4,5-dinitroimidazole
was likely to have been unsuccessful, first synthesis of this novel energetic compound
should be attempted following the proposed syntheses outlined in Chapter 5.

With K-NPT.H20 proving to have potential as a lead styphnate replacement,
further investigation of this compound is warranted. Full sensitiveness testing (FS and
ESD) should be done prior to testing the compound as a part of initiatory formulations
used in igniters. K-NPT.H20 also could serve as an ideal starting material for the
synthesis of transition metal complexes. Future work with Na2-3-O-4-NPT must centre
on further characterisation and larger scale syntheses. If full characterisation is
obtained (and depending on the results of this characterisation), Na2-3-O-4-NPT can
be treated in a similar way to K-NPT.H20.

More generally the work of Chapter 5 serves to show that while
azidonitroimidazoles may hold no practical use as energetic materials, the
nitropyrazolotetrazoles possess the sensitivity of azidoazoles while retaining the
higher thermal stabilities of nitroazoles. Synthesis of novel pyrazolotetrazoles with
different explosophoric groups could result in the isolation of high performance
energetic materials. With no other records of these compounds in literature regarding
energetic materials, further investigation into these compounds can be viewed as the

development of an entirely new class of energetic compound.
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7. General Experimental Methods and Instrumentation

Infrared absorption spectra were recorded in the range 500-4000 cm™ on a Bruker
Tensor 27 Fourier Transform Infrared Spectrometer running the Bruker OPUS
software package at a spectral resolution of 2 cm! either as a nujol mull or as a thin
film between NaCl plates. Elemental analyses were carried out by the University of
Sheffield elemental analysis service on a Elementar vario EL MICRO cube elemental
analyser in an atmosphere of pure oxygen. *H, *3C NMR were recorded using a 400
MHz Bruker Advance 400 Spectrometer. *H and 3C NMR were calibrated against
the residual solvent peak according to ref.! NMR spectra were processed using the
MestreNova software package. DSC measurements were recorded on a TA DSC25
operated under nitrogen flow in sealed stainless-steel capsules fitted with Au-plated
Cu Seals. The instrument was calibrated against a pure indium reference (99.999%)
with a sharp transition at 156.60 °C, with a well know enthalpy change of 28.45 J g*
Onset temperatures for decomposition were calculated by the intersection of the
tangent of maximum gradient with the projected position of the baseline. Peak
temperatures were determined at maximum heat flow of the inspected exotherm.
Enthalpy of decomposition was determined by the integration of the recorded trace.
The uncertainties associated with calculation of enthalpies of decomposition are at
least £10%. Single crystal X-ray diffraction (XRD) data collections recorded at The
University of Sheffield were collected on one of three diffractometers: A Bruker Small
Molecule Analytical Research Tool (SMART) or Bruker Kappa diffractometer
equipped with a CCD detector and an Oxford Cryosystems Cryocooler using MoKaq
radiation (A= 0.71073) at or a Bruker D8 Venture diffractometer using CuKq radiation
(A=1.54056 A) equipped with a Bruker PHOTON CMOS detector and an Oxford
Cryosystems Cryocooler. Data was collected using Bruker APEX2/3 software and
integrated using the APEX 2/3 software. Structures were solved using Olex2 using
either the XT (Intrinsic phasing) or XS (Direct methods) functions. Data collected at
either 100 K or at room temperature. Powder X-ray diffraction data was recorded at
the University of Sheffield using 0.7 mm borosilicate glass capillaries prior to being
mounted and aligned on a D8 Advance powder X-ray diffractometer with a Cu-Ka«
sealed source (A=1.54056 A). Data was recorded using a rotating capillary stage.

Powder patterns were recorded using the Bruker DIFFRac.EVA software suite. SEM
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imaging recorded at The University of Sheffield was performed using a TESCAN
VEGAS3 LMU SEM instrument, operating at 5 kV and using the secondary electron
detector. Samples were prepared by loading onto a carbon sticky tab on an
aluminium stub via pipetting of an IPA suspension of the sample onto the tab and
allowing the IPA to evaporate. These samples are then sputter coated with
approximately 20 nm of gold using an Edwards S150B sputter coater before being

imaged at a distance of 9mm.

7.1 References
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Figure 8.1: FTIR of NaNT.2H20, range 4000-500 cm-!
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Figure 8.3: FTIR of DBX-1, range 4000-500 cm!
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Figure 8.4: FTIR of DBX-X, range 4000-500 cm!
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Figure 8.5: FTIR of DBX-1/DBX-X mixed powder, range 4000-500 cm-?
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Figure 8.6: PXRD of DBX-1
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Figure 8.8: Table of all experimental repeats of DBX-1 synthesis and their results
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Table of all experimental repeats of DBX-1 synthesis and their results
cont.

Figure 8.8b
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Figure 8.9: FTIR of Sodium-3,5-dinitro-1,2,4-triazolate dihydrate, range 4000-500
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Figure 8.10: FTIR of Cusa(DNT)sCl, range 4000-500 cm!
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Figure 8.11: FTIR of K2TNBI, range 4000-500 cm-!
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Figure 8.12: FTIR of Cu2TNBI, range 4000-500 cm-!
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Figure 8.13: FTIR of Cu-ADNP, range 4000-500 cm-?
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Figure 8.14: FTIR of Na-3,5-DNP.2H20, range 4000-500 cm*
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Figure 8.15: FTIR of K-3,4-DNP.2H20, range 4000-500 cm-?
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Figure 8.16: FTIR of Cu-3,5-DNP, range 4000-500 cm-?
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Figure 8.17: FTIR of K-4,5-DNI.H20, range 4000-500 cm!
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Figure 8.18: FTIR of Cu-4,5-DNI, range 4000-500 cm-?
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Figure 8.19: FTIR of K-2,4-DNI, range 1600-500 cm™!
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Figure 8.20: FTIR of Cu-2,4-DNI, range 4000-500 cm-?
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Figure 8.21: PXRD of Cu2TNBI
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Figure 8.22: PXRD of Cu-ADNP
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Figure 8.23: PXRD of Cu-4,5-DNP
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Figure 8.24: FTIR of Na-B1IMTT.5H20, range 4000-500 cm-?
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Figure 8.25: FTIR of Fe(B1MTT)2.H20, range 4000-500 cm-?
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Figure 8.26: FTIR of Pb(B1MTT)2, range 4000-500 cm-*
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Figure 8.27: FTIR of Zn(B1MTT)z, range 4000-500 cm-?
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Figure 8.28: FTIR of Co(B1MTT)2.H20, range 4000-500 cm-?
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Figure 8.29: FTIR of Co(B1MTT)2.(CH3).CO, range 4000-500 cm-!
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Figure 8.30: FTIR of Ni(B1MTT)..H-0, range 4000-500 cm-!
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Figure 8.31: FTIR of Ni(B1MTT)..(CH3).CO, range 4000-500 cm-?
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Figure 8.32: FTIR of Fe(b1mtt)..H>O after 2 month water immersion, range 4000-
500 cmt
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Figure 8.33: FTIR of Pb(b1mtt)> after 2 month water immersion, range 4000-500 cm-
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Figure 8.34: FTIR of Zn(b1mtt). after 2 month water immersion, range 4000-500 cm-
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Figure 8.35: FTIR of Ni(b1mtt)2.H2O after 2 month water immersion, range 4000-500
cm-l
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Figure 8.36: FTIR of Co(b1mtt)2..H2O after 2 month water immersion, range 4000-
500 cmt
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Figure 8.37: FTIR of Cu(b1mtt)(Cl)(H20) , range 4000-500 cm-1
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Figure 8.38: FTIR of Cu(b1mtt)x(4,5-DNI)y(H20)z , range 4000-500 cm-!

3.5 +
3.0 +
2.5+

2.0

Absorbance

1.5

1.0 4

(e

0.5

0.0 T T T I T I T I T I T I T I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/ cm’’

290



Figure 8.39: 1H NMR of (PPN)(bis(1-methyl-3-nitro-1,2,4-triazol-5-
yhtriazenide).3H20
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Figure 8.40: 13C NMR of (PPN)(bis(1-methyl-3-nitro-1,2,4-triazol-5-
yDtriazenide).3H20
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Figure 8.41 FTIR of 2-Azido-4-nitroimidazole, range 4000-500 cm*
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Figure 8.43 13C NMR of 2-Azido-4-nitroimidazole
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Figure 8.44 FTIR of Potassium-2-azido-4-nitroimidazolate, range 4000-500 cm
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Figure 8.45 'H NMR of Potassium-2-azido-4-nitroimidazolate
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Figure 8.46 13C NMR of Potassium-2-azido-4-nitroimidazolate
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Figure 8.47 FTIR of 3-Azido-4-nitropyrazole.H20, range 4000-500 cm-?
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Figure 8.49 13C NMR of 3-Azido-4-nitropyrazole.H20
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Figure 8.50 FTIR of Potassium-4-nitropyrazolo[ 1,5 d]tetrazolate.H20, range 4000-
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Figure 8.51 'H NMR of Potassium-4-nitropyrazolo[ 1,5 d]tetrazolate.H20
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Figure 8.52 13C NMR of Potassium-4-nitropyrazolo[ 1,5 d]tetrazolate.H20
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Figure 8.53 FTIR of Sodium-3-azido-4,5-dinitropyrazolate, range 4000-500 cm-*
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Figure 8.55 DSC calorigram of Cu2-TBI
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Figure 8.57 DSC calorigram of Cu-3,5-DNP
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Figure 8.59 DSC calorigram of Cu-4,5-DNI
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Figure 8.61 DSC calorigram of Co(B1MTT)2.H20
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Figure 8.63 DSC calorigram of Pb(B1MTT)2
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Figure 8.65 DSC calorigram of Cu(B1MTT)(CI)(H20)
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Figure 8.67 DSC calorigram of PPN(B1M3NTT).3H20
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9. X-ray Data Tables

9.1 Crystal data for Cus(NT)2Cl, DBX-X

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
alA

b/A

c/A

a/°

pr°

v/°

Volume/A3

Z

Pcalcglcm3
w/mm

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

C2CICu3N1004

454,19

100.0(3)

monoclinic

P2i/c

10.8980(10)

9.2377(9)

10.3680(10)

90

100.493(10)

90

1026.32(17)

4

2.939

10.046

872.0

0.01 x 0.01 x 0.01

CuKo (= 1.54184)

8.252 to 152.288
-10<h<13,-11<k<11,-11<1<12
4254

2060 [Rint = 0.0827, Rsigma = 0.1114]
2060/84/181

1.066

R; =0.0569, wR2 = 0.1200
R; =0.1046, wR2 = 0.1429
1.01/-0.93
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9.2 Crystal data for Cu4(DNT)sCl

Empirical formula CusCICsN15012
Formula weight N/A
Temperature/K N/A

Crystal system hexagonal
Space group P63

alA 11.2866(5)

b/A 11.2866(5)

c/A 9.0555(6)

a/° 90

/e 90

v/° 120
Volume/A3 999.00(11)

z 1

peaicg/cm® N/A

w/mm N/A

F(000) N/A

Crystal size/mm?® N/A x N/A x N/A
Radiation N/A (A= N/A)
20 range for data collection/° N/A to N/A
Index ranges 100 <h <-100, 100 <k <-100, 100 <1<-100
Reflections collected N/A

Independent reflections N/A [Rint = N/A, Rsigma = N/A]
Data/restraints/parameters ~ N/A/N/A/N/A
Goodness-of-fit on F? N/A

Final R indexes [I>=26 (I)] Ri1=N/A, wR2 =N/A

Final R indexes [all data] R1=N/A, wR2 = N/A

Largest diff. peak/hole / e A N/A/N/A

NB: Data table is incomplete due to method of collection (See 3.4 Experimental)
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9.3 Crystal data for Cu(ADNP)

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pre

y/°

Volume/A®

z

pcalcg/CTn?>
w/mm?

F(000)

Crystal size/mm?®
Radiation

C4.25CU15N7.7506
350.93

107.17

triclinic

P1

8.2914(8)
10.3466(10)
12.5252(12)
112.620(5)
104.719(7)
90.112(6)
953.31(16)

4

2.445

4.931

685.0

?2xX7?x%x7?

CuKa (A =1.54178)

20 range for data collection/° 7.956 to 133.652

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (1)]
Final R indexes [all data]

-9<h<9,-12<k<12,-14<1<14
7866

4909 [Rint = 0.1074, Rsigma = 0.1569]
4909/3/260

1.161

R1=10.2497, wR2 = 0.4912
R1=10.2612, wR2 = 0.5013

Largest diff. peak/hole / e A= 3.32/-4.32

Flack parameter

0.39(10)
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9.4 Crystal data for Cu(b1mtt)(Cl)(Hz20)

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pr°

v/°

Volume/A3

Z

Pcalcglcm3

w/mm

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

C4HsCICuN110

325.20

298.73

orthorhombic

Pbca

15.0488(7)

7.0782(3)

21.6852(10)

90

90

90

2309.87(18)

8

1.870

4,946

1304.0

?7x?%x?

CuKoa (A =1.54178)

11.76 to 133.26
-17<h<17,-7<k<8,-25<1<25
12510

2032 [Rint = 0.0621, Rsigma = 0.0411]
2032/0/166

1.098

R; =0.0389, wR2 = 0.0975
R1=0.0471, wR2 = 0.1023
0.38/-0.68
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9.5 Crystal data for Co(B1MTT)2.(CH3)2CO

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pr°

v/°

Volume/A3

Z

Pcalcglcm3

w/mm

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

C11H18CoN220

533.40

296.15

monoclinic

P21/n

9.7917(9)

15.3747(14)

14.9248(13)

90

100.1260(10)

90

2211.8(3)

4

1.602

0.834

1092.0

?7x?%x?

MoKa (A =10.71073)
3.834 to 55.002
-12<h<12,-19<k<19,-19<1<19
26108

5070 [Rint = 0.0246, Rsigma = 0.0179]
5070/36/359

1.345

R1 =0.0890, wR2 = 0.2388
R1=0.0930, wR2 = 0.2501
0.82/-0.88
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9.6 Crystal data for Ni(B1MTT)2.(CH3s)2CO

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
p/e

v/°

Volume/A3

Z

Pcalcglcm3
w/mm

F(000)

Crystal size/mm?®
Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [[>=2c ()]
Final R indexes [all data]

C11H18N22NiO

417.10

296.15

orthorhombic

Pbca

8.4341(3)

17.7531(7)

29.8766(11)

90

90

90

4473.5(3)

8

1.239

0.903

1657.0

?7x?%x?

MoKa (A =10.71073)
2.726 t0 57.41
-8<h<11,-23<k<22,-383<1<39
26691

5739 [Rint = 0.0661, Rsigma = 0.0592]
5739/0/322

1.124

R; =0.0439, wR2 =0.1175
R; =0.0801, wR2 = 0.1593

Largest diff. peak/hole / e A 0.74/-1.02
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9.7 Crystal data for Fe(B1MTT)2.(CH3)2CO

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pr°

v/°

Volume/A3

Z

Pcalcglcm3

w/mm

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

C11H1sFeN220

530.32

296.15

monoclinic

P21/n

15.490(6)

8.096(3)

17.220(5)

90

97.778(18)

90

2139.7(13)

4

1.646

0.765

1088.0

?7x?%x?

MoKa (A =10.71073)

3.32 t0 55.426
-18<h<20,-10<k<5,-22<1<16
13517

4871 [Rint = 0.1630, Rsigma = 0.2003]
4871/0/322

1.082

R1=0.1411, wR2 = 0.3165
R1=0.2162, wR2 = 0.3511
1.47/-1.18
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9.8 Crystal data for (PPN)(B1M3NTT)

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pr°

v/°

Volume/A3

Z

Pcalcglcm3

w/mm

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

Ca2H42N1207P

888.81

295.76

triclinic

P-1

10.5766(15)

14.228(2)

15.742(2)

108.021(7)

96.295(8)

94.408(8)

2223.7(6)

2

1.327

1.418

928.0

?7x?%x?

CuKa (1 = 1.54178)

5.964 to 134.166
12<h<12,-16<k<16,-18 <1< 18
65802

7831 [Rint = 0.1354, Reigma = 0.0676]
7831/0/579

1.104

R1=0.0861, wR, = 0.2322
R1=10.1365, wR> = 0.2621
0.45/-0.37
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9.9 Crystal data for K-2-Az-4-NIm

Empirical formula
Formula weight
Temperature/K
Crystal system

Space group
alA
b/A
c/A

o

o/
pre

v/°
Volume/A3
Z

Pealcg/ cm?
w/mm

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [[>=2c ()]
Final R indexes [all data]

C3H3KNgO3

167.86

100.03

orthorhombic

P2:2:2

17.2060(7)

6.2551(3)

6.9757(2)

90

90

90

750.76(5)

4

1.485

2.425

335.0

?7x?%x?

CuKoa (A =1.54178)
10.282 to 133.048
-20<h<17,-5<k<7,-8<1<8
2648

1241 [Rint = 0.0375, Rsigma = 0.0589]
1241/0/130

1.107

R; =0.0327, wR2 = 0.0817
R1=0.0338, wR2 = 0.0826

Largest diff. peak/hole / e A 0.43/-0.42

Flack parameter

0.124(12)

314



9.10 Crystal data for 3-azido-4-nitropyrazole monohydrate

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pre

y/°

Volume/A®

z

pcalcg/CTn?>
w/mm?

F(000)

Crystal size/mm?®
Radiation

C3HaNeO3
172.12
296.15
triclinic
P-1
8.227(16)
12.02(2)
14.59(3)
81.56(5)
73.84(5)
82.81(6)
1365(4)

8

1.675
0.148
704.0
?x?x7?
MoKa (A =0.71073)

20 range for data collection/°2.928 to 57.484

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (1)]
Final R indexes [all data]

-10<h<11,-16<k<16,-19<1<19

49322

6944 [Rint = 0.0980, Rsigma = 0.0692]
6944/0/497

1.024

R1=10.0639, wR2 = 0.1549
R1=10.1206, wR2 = 0.1861

Largest diff. peak/hole / e A 0.66/-0.41
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9.11 Crystal data for K-NPT.H20

Empirical formula
Formula weight
Temperature/K
Crystal system

Space group
alA
b/A
c/A

o

o/
pre

v/°
Volume/A3
Z

Pealcg/ cm?
w/mm

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [[>=2c ()]
Final R indexes [all data]

C3H2KNsO25

201.21

296.15

monoclinic

C2

13.301(5)

7.247(3)

7.377(3)

90

94.331(7)

90

709.1(5)

4

1.885

0.725

404.0

?7x?%x?

MoKa (A =10.71073)

5.538 t0 55.15
-17<h<17,-9<k<9,-9<1<9
4315

1657 [Rint = 0.0601, Rsigma = 0.0796]
1657/1/113

1.092

R1 =0.0530, wR2 = 0.1024
R1=0.0658, wR2 = 0.1173

Largest diff. peak/hole / e A 0.57/-0.42

Flack parameter

0.02(6)
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9.12 Crystal data for Na2-3-O-4-NPT.5H20

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
p/e

v/°

Volume/A3

Z

Pcalcglcm3
w/mm

F(000)

Crystal size/mm?®
Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [[>=2c ()]
Final R indexes [all data]

C3NsNa20s

294.07

99.99

monoclinic

P2i/c

6.7771(4)

17.6146(10)

10.1712(5)

90

106.356(3)

90

1165.06(11)

4

1.677

2.067

584.0

?7x?%x?

CuKoa (A =1.54178)
10.042 to 133.696
-8<h<8,-20<k<20,-11<1<12
8831

2020 [Rint = 0.0843, Rsigma = 0.0627]
2020/0/77

1.460

R1=0.1775, wR2 = 0.3565
R1=0.1819, wR2 = 0.3583

Largest diff. peak/hole / e A 0.75/-0.70
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