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1. Introduction

1.1 Definition and Classification

The term "energetic materials" covers a huge class of materials that are used in a
variety of different applications. Due to the great interest in energetic materials,
ongoing research leads to the steady development of new research properties and
the status quo.[*3! Although, in order to be able to deal with the investigation of this
field in more detail, several definitions and a classification into different categories
are required first. However, it is difficult to find a uniform definition, as energetic
materials are perceived differently depending on the area of implementation and
the focus of specific scientific research.[®7] Based on the chemical background of
explosives in this thesis, the definition of Meyer and Kohler is suitable. ]

Explosives are solid, liquid, or gelatinous substances, alone or mixed with one
another, which are in a metastable state and are capable, for this reason, of
undergoing a rapid chemical reaction without the participation of external reactants
such as atmospheric oxygen. The reaction can be initiated by mechanical means,
by the action of heat or by detonating shock. The reaction products are
predominantly gaseous. The propagation rate from the initiation site outwards
through the explosive material may be much slower than the velocity of sound

(deflagration) or may be supersonic (detonation).[8!

One common way for proper categorization of energetic materials is into three
major categories, Pyrotechnics, Explosives and Propellants (Figure 1), whereby
each category can be further subdivided into many subcategories depending on
the application or area of requirement.[®11 This classification is mainly based on
the respective use of the substances and neglects the chemical nature of
composition.l®! The chemical building blocks are often not connected to their
ultimate use. However, the following only deals with the more precise classification
of explosives, since nearly all the substances included in this work are assigned to

this category.



Energetic Materials

Propellants Pyrotechnics

Primary Explosives Secondary Explosives

Figure 1.Schemaitic classification of energetic materials into three main categories as well as
subcategorization of explosives into primary and secondary explosives.

Propellants:

Propellants are substances, which can form a large amount of gas within a small
period of time. This directly results in the generation of increased pressure, which
makes it possible to move objects such as projectiles or flying objects, but without
the formation of a shock wave. The best-known representative is black powder,
which was already used more than 2200 years ago.®! Propellants are generally
composed of a fuel and an oxidizer and can be ignited by flame or spark. The main
derivation within the class is into rocket propellants and gun propellants. The latter
can be subclassified into single-, double- and triple-based propellants. Single-base
propellants contain exclusively nitrocellulose (NC) as energy source and are used
in a wide range of pistols and artillery ammunition. Next to NC, double-base
propellants consist of nitroglycerine (NG) as a performance-enhancing additive.
Triple-base propellants include mainly NC, NG and nitroguanidine (NQ).[
Especially for double- and triple-base propellants among others, energetic but
insensitive plasticizers (EGDN, DEGDN) are commonly added in order to prevent
the mixture from turning out too sensitive and adjust the mixtures to the respective
scope of use. Each of the named substances (NC, NG, NQ) can be regarded as
an intramolecular redox system, since it contains a carbon backbone as its fuel
source as well as an oxidizing part in form of nitrato or nitro groups.*?! Modern
research approaches focus on the integration of less corrosive ingredients, as



nitrogen-rich components to lower the corrosion within the gun system. Rocket
propellants are available in the form of liquid non-hypergolic mixtures like H2/O2 or
liquid hypergolic mixtures like H202/MMH or HNOs/N2Hs4 or as solid rocket
propellant based on mixtures of several metals and ammonium perchlorate (AP)

or ammonium nitrate (AN) as oxidizers (Figure 2).[13l
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Figure 2. Prominent representatives within the substance class of propellants: nitrocellulose (NC),
nitroglycerine (NG), nitroguanidine (NG), ethylene glycol dinitrate (EGDN), diethylene glycol dinitrate
(DEGDN), monomethylhydrazine (MMH), ammonium perchlorate (AP) and ammonium dinitramide (ADN).

Since ammonium perchlorate is poisonous to the human body and harmful to the
environment due to the chlorine containing decomposition products, great efforts
are employed to find a suitable green replacement candidate for AP.[14-161 Up to
now, AP cannot be adequately replaced because of its outstanding properties as
propellant ingredient. One of the most promising substances, which has been
traded for quite some time, is ammonium dinitramide (ADN), since it combines a

good oxygen balance with a high nitrogen content and heat of formation.
Pyrotechnics:
Pyrotechnics or pyrotechnical mixtures are always compositions of at least two or

more components. The two main parts are a fuel and an oxidizer, to which other

additives are added depending on their field of application.[®l Currently applied



mixtures often use potassium perchlorate (PP) or ammonium perchlorate (AP) as
oxidizer.[17] After initiation, they can produce special effects such as heat, different
colored light, gas or smoke, and a wide variety of sounds.[*®-21l The chemical
energy is often accumulated in a very compact space and can be released
extremely proven by deflagration or prior detonation. The most obvious use of
pyrotechnics is in fireworks and light shows, but besides that, the major utilization
is for special applications in safety equipment and services or precisely timed-
release sequences.

Both, propellants, and pyrotechnics can be classified as substances with slower
reaction time then explosives since their prime objective is to show deflagration
instead of detonation. Therefore, it is not required for both substance classes to

cause a deflagration to detonation transition (DDT).

Primary Explosives:

In principle, primary explosives are compounds that can be initiated by non-
explosive impulses such as heat, flame, friction, impact, spark or light, and undergo
a fairly rapid deflagration to detonation transition (DDT).[?2 Therefore, a
deflagration shows an expanding velocity of the reaction front, which is below the
speed of sound in the combusting medium whereas the expanding velocity is
supersonic for a detonation. In addition, the resulting shock wave should be
suitable for igniting less sensitive components such as explosive charges or
propellants. The resulting detonation velocity of the primaries plays only a minor
role here since the major energy is released by the more powerful secondary
explosives or propelling charges.l®! By default, an amplifier or booster is placed
after a primary charge, which is easy to initiate and continues the detonation wave
and dominates its strength. Typical values for the respective heat of explosion are
in the range of 1000-2000 kJ kg .1l In order to react appropriately to the applied
impulses, primary explosives are generally the most sensitive explosive class with
sensitivity values of <4 J toward impact, < 10 N toward friction and < 20 mJ toward
electrical discharge.” However, a balance must be struck here, since high
sensitivities improve the responsiveness of the substance, but make it difficult and
dangerous to handle the substance, especially in larger quantities. Besides

mercury fulminate (MF), which is considered as the first primary explosivel?3! but is



hardly used today, lead azide (LA) and lead styphnate (LS) are still of great
importance and are applied as standard until today (Figure 3).1?4 Since there are
harmful effects on the environment and to living organisms, all kind of heavy metal
containing substances (mainly mercury, lead or even cadmium), are under

investigation to be replaces by suitable substituents.[25-261
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Figure 3. Historically and commonly used primary explosives: mercury fulminate (MF), lead azide (LA), lead
styphnate (LS), 2-diazonium-4,6-dinitrophenolate (DDNP), potassium dinitrobenzofuroxan (KDNBF) and
copper 5-nitrotetrazolate (DBX-1).

Despite their toxicity, both substances used today (LA and LS) have decisive
advantages over other substances, which is mainly due to the low production cost
and the simple synthesis. Furthermore, both substances are considered to be
extremely reliable and durable. Therefore, current research is moving towards
heavy metal-free, more environmentally friendly primary explosives, compounds
such as KDNBF or DBX-1.[27-28 Even metal free CHNO based compounds, as 2-
diazonium-4,6-dinitrophenolate (DDNP) are in current use.?2 However, DDNP is
predicted to have several problems concerning its long-term stability. In addition to
the traditional primary explosives, promising innovations have emerged in the field
of energetic coordination compounds (ECCs), consisting of transition metal cations
(e.g. Cu?*, Zn?*, Mn?*), oxygen or energy-rich anions (e.g. NOs~, N3, ClO47) and
nitrogen-rich ligands such as substituted tetrazoles, some of which can even be

ignited by laser radiation due to their color.[29-32]

Secondary Explosives:

For the initiation of a secondary explosive, a primary explosive is inevitably and
unavoidably required since secondary explosives usually cannot be initiated by
non-explosive impulses.??l Therefore, in an explosive charge, a primary explosive

initiator is always installed before the main charge, which consists mainly of



secondary explosives. In addition to increased thermodynamic stability, the latter

are also generally less sensitive toward friction and impact.[®!
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Figure 4. Historically relevant secondary explosives, most of which are still in use: picric acid (PA), 2,4,6-
trinitrotoluene (TNT), hexogen (RDX), octogen (HMX), 5-nitro-triazolone (NTO), 2,4,6-trinitrobenzene-1,3,5-
triamine (TATB), hexanitrostilbene (HNS).

The limit of sensitivity for secondary explosives is classified to be at 4 J toward
impact and 80 N friction, but in no case below that. This is mainly due to safety
aspects in large-scale production, since secondary explosives account for the
majority of the mass of an explosive charge and are therefore produced in large
quantities.[! In addition to the sensitivities, detonation velocity (Vdet), detonation
pressure (Pc-1) and detonation energy (AeU) are the most important parameters of
secondary explosives, whereby these performance data largely depend on the
respective density, heat of formation and oxygen balance (OB)F. The sheer
number of secondary explosives used today is relatively small, but by using certain
mixtures or admixtures and additives such as plasticizers, binders or polymers,
various properties can be achieved. The development of these substances often
dates back to more than 100 years and most of them suffer from a bad reputation
concerning their environmental impact.[*3-3%1 Many "traditional" explosives are still
used exclusively because they offer some advantages over new developments that
have not yet been adjusted or surpassed. Trinitrotoluene (TNT) is easy to produce
by nitration of toluene and offers ideal properties for use as a melt-castable

explosive. Melt-cast secondary explosives are important for the ideal packing of an



explosive charge and should therefore melt at below 100 °C if possible
(Tmeit(TNT) =80 °C), as this is an interesting aspect for the industry, since it
enables the use of a water bath as a heat source. Next to TNT, nitroaromatic based
hexanitrostilben (HNS) is used as heat resisting explosive due to its high thermal
decomposition (320 °C) in high temperature applications.[*®! The main reason for
the continued use of TNT and HNS are the above-mentioned parameters, which
have not yet been adequately replaced by any explosive that is equally cheap to
produce. However, this is countered by the low detonation properties of both
compounds compared to other high explosives like hexogen (RDX) or octogen
(HMX), which are primarily used for the military sector (Figure 4).) The main
distinction between explosives for civilian and military uses consists in the different
requirements they must meet. Military applicated explosives require high explosive
power and reliability of the substances, while for civilian purposes the main issue
deals with the production price. Therefore, mixtures of nitrocellulose or ammonium
nitrate combined with various oils or plasticizers and fuel oils (ANFO) and other
added substances such as aluminum or nitromethane are popular civil explosive
mixtures.[) One of the biggest developments in this field in recent years are
emulsion explosives, which, in addition to the explosive, are mainly composed of
binders and oils.[®l They are easy to manage because they are insensitive due to
their state and are mainly used in mining. For military purposes, TKX-50
(bishydroxylammonium-5,5'-bistetrazolyl-1,1'-diolate) is a prominent replacement
candidate, which is free of nitro and nitrato units and shines with outstanding

detonative performance.7-38]
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Figure 5. Selected explosives falling beyond the scope of the established classification: pentaerytritol
tetranitrate (PETN), dipotassium 1,1’-dinitramino-5,5"-azotetrazolate (KDNAAZT) and
hexanitrohexaazaisowurtzitane (CL-20).



There are several prominent examples that cannot be clearly classified to the class
of primary or secondary explosives and therefore must be submitted some kind of
between these two categories (Figure 5). Among others, nitropenta (PETN) is
assigned to the class of booster explosives, which is even literally between primary
and secondary explosives. Booster explosives are inserted in explosive charges
behind the primary explosive and are easy to initiate.[??l The main benefit is the
propagation and amplification of the detonation wave. Thus, PETN is easier to
initiate than most other secondary explosives, yet simple ignition is not sufficient.
The sensitivities (IS=3.5J, FS =54 N) are actually in the range for primary
explosives.* Thus, no clear assignment to primary or secondary explosives is
possible for PETN.

K2DNAAzT was developed as a next generation primary explosive and possible
replacement for lead azide.l*®! As expected, the substance is extremely sensitive
to any kind of external stimuli and detonates at the slightest mechanical impulse
and upon contact with flame. Its thermal stability of 180 °C and poor solubility in
water would also suggest its possible use as a primary explosive. However,
K2DNAAZT has a detonation velocity of almost 9000 m s, which is clearly in the
range of a secondary explosive. This value combined with the extremely high
sensitivities prevent its current use, as safe handling is rendered extremely difficult.
A similar problem arises with CL-20. The cage structure, which stores its energy in
the form of nitramine units and ring strain, is regarded as one of the most powerful
explosives. However, it is currently not used to any significant extent due to its high

sensitivities (IS = 4 J, FS = 48 N) and expensive and inefficient synthesis.[*#1-42

1.2 Motivation and Requirements for Synthesis of New

Explosives

“Greener, Better, Safer” are the basic buzzwords that best describe the drive to
develop new explosives. Especially in the current era, in which sustainability and
green awareness are important in every area of life, greater focus on the suitability
of the substances used is important in the field of chemistry, and particularly in the

field of explosives chemistry.



Many explosives currently in use have shown to have a poor impact on the
environment or health, as they have been developed primarily for operational
purposes without taking these factors into account. For primary explosives, which
mainly contain heavy metals such as lead (previously even cadmium or mercury),
the toxicity in particular is a serious problem. They are not only toxic to living
organisms but also harmful to the environment. This has been proven, for instance,
by studies of the soil and groundwater of highly frequented shooting ranges and
military grounds.l?¢! All compounds belonging to the class of nitroaromatics, with
TNT, HNS, TATB or LS as the most prominent representatives, are also associated
with a poor environmental factor. For some of them, acute carcinogenicity has even
been proven or is at least suspected.l*4*¢l For substitutes, these components or
structural motifs should be omitted. All nitrogen-rich azoles have therefore proved
particularly successful since their main decomposition product is gaseous and
harmless nitrogen.® Potassium, copper, and silver are often traded as possible
substitute metals for heavy metal containing compounds. Nonetheless, possible
toxicity cannot be ruled out for copper.*”! With silver compounds, unaffordable
prices are always a problem for any silver-containing composite.

The search for new compounds, especially secondary explosives with higher
performance than the current ones, are in demand especially for military
applications. For civilian applications, the prices of these high-performing
compounds are often too high and not necessarily required for the purpose. In
military usage, explosive performance and precision are paramount. Since nominal
performance is not the key parameter for primary explosives, possible innovations
should be convincing in terms of their ignition reliability.

Safety, or more specifically safe production and handling, naturally takes priority
for all new developments. Especially for the production of large quantities, it is
important that safety is always ensured. However, it is inevitable that explosives
have a certain sensitivity.8] Because of the definition as metastable compounds,
most explosives have some sensitivity to external stimuli, apart from some
recordings. Furthermore, an increase in the resulting performance tends to be
observed with an increase in the respective sensitivity.l! The safety aspect is
particularly important for primary explosives since the latter generally have high
sensitivities. However, the sensitivities of the final compounds as well as those of

any synthetic intermediates must not be too sensitive to be handled safely.



Accordingly, some basic requirements or benchmarks arise for the development,
which must be fulfilled in any case to be regarded as a promising replacement
candidate. These main principle requirements are stated in Figure 6. The most
important ones are discussed below. These values are generally valid and refer to
both primary and secondary explosives. Depending on the type of application,
additional requirements may also be necessary (e.g., suitable melting temperature
for melt-cast explosives).

proper sensi-

tivity range performance

12022 2024 2026
2023 2025 2027

longevity

low

toxicity

chemical
stability

Figure 6. Key requirements for the development of new explosives.
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Toxicity: In addition to the above-mentioned problematic properties with lead and
other heavy metals, even more environmental hazards arise with the
decomposition products of the organic components. (Figure 6) This involves the
formation of NHs, HCN or nitrogen oxides. The latter are pollutants that have
recently gained notoriety from the diesel scandal in the automotive industry.8! |t
would be desirable to have a decomposition to only environmentally friendly
products such as N2, water and carbon. In addition to the substances and their
decomposition products, it is also important to pay attention to the toxicity of the
reactants and solvents required for the production. In the EU, this is already
drastically controlled by the REACH regulation (Regulation, Evaluation,

Authorization and Restriction of Chemicals).!*!

Performance: This characteristic results in a clear difference between the
requirements for primary and secondary explosives. For primaries, the detonation
velocity is only of minor importance. Lead azide has a detonation velocity of about
6000 m s, while most CHNO-based compounds have similar or higher values.
However, it is most important that a primary explosive generates a shock wave
induced by an external impulse, which is strong enough to initiate the secondary
charge. Therefore, a fast deflagration to detonation transition (DDT) is essential.
For secondary explosives, the most important performance parameters are
detonation velocity (Vdet), detonation pressure (Pc.y) and detonation energy
(-AeV). For new developments, these values have to be at least in the same range
or outperform the current standards (RDX: Vdet = 8800 m s™, Pc.y = 380 kbar,
-AeU = 6100 kJ kg™; TNT: Vdet = 6900 m s, Pc-3 = 220 kbarr,
-AeU = 5100 kJ kg™).° The values can be either measured or calculated using
software like “Cheetah” or “EXPLO5”. For most new compounds, theoretical
calculations are initially preferred because they give a quick first insight and provide
reliable results, whereas accurate practical measurements require significant
guantity of the substance and knowhow about the methods. In addition to the
chemical formula, the heat of formation and density are required for the
computations.® The latter is particularly important, as it is included squared in the
calculation. Maximizing these two variables becomes fundamental to the design of

new explosives and will be discussed in more detail in the next section.
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Longevity: During development, it is usually not known where the resulting
materials will be used, so their tolerance to temperature fluctuations and moisture
must be extremely high. Excluding the extreme weather zones of the earth, the
global temperature range covers at least 80 °C. Since explosives are designed to
last for several years, they must be able to withstand these conditions without
losing performance or reliability. In addition, it should be ensured that the shape
remains intact and that no cracks or deformation of the material occurs. A high
vapor pressure or low decomposition temperature is particularly critical here. Long-
term stability can either be calculated using kinetic models or evaluated by practical

experience values or the vacuum stability test.

Compatibility: Explosive charges usually consist of several components. To
prevent an unintended reaction, these ingredients must be compatible, as they may
be in direct touch with each other. This means that they must not interact or react
for any reason and under any conditions. This is verified in the first step by thermal
and sensitivity measurements, whereby no noticeable change in the values
compared with the pure substances should occur.

Sensitivity: In principle, interest is shown in materials that are as insensitive as
possible, to prevent possible accidents during handling or production. Generally,
the sensitivity to impact, friction and electrical discharge is considered using the
BAM protocol (for friction and impact).®] Based on the grain size or their habitus,
different materials can have varying sensitivities. Materials that are too sensitive
can be phlegmatized in certain cases by adding inert substances such as Teflon,
wax or water. Conversely, materials or mixtures that are not sensitive enough can
be sensitized by the addition of certain components such as tetrazene. The values
are usually classified by the “UN Recommendations on the transport of dangerous
goods” into not sensitive (IS>40J, FS> 360 N), less sensitive (IS =35,
FS =360 N), sensitive (IS=4J, 360 N=FS =280 N), very sensitive (IS<3J,
FS < 80 N) and extremely sensitive (FS < 10 N).[52

Solubility: Solubility is important mainly for toxicity but also for synthesis. Water-
soluble substances have the property of being well absorbed through the skin.
Therefore, special care is required when handling substances whose toxicity is not

yet known. For the synthetic properties, it is advantageous if the final substance is
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obtained by a precipitation reaction. In this way, particularly high purities are
obtained and purification is possible by simple washing. For the reasons given

above, water-insoluble substances are particularly in demand.

Stability: Naturally, new developed materials should be stable at least up to a
certain temperature. These values depend on the intended use and the
requirements of the manufacturing companies. A rough guideline should be at least
150 °C for primary explosives and at least 180 °C for secondary explosives. In
addition to thermal stability, chemical stability matters, especially with respect to
water and oxygen, which is ubiquitous. Likewise, advantageous is at least a
reasonably high stability to alkaline and acidic media. In addition, it is essential that
the materials are stable to light and do not change or decompose under slight
exposure.

Price: The lower the better. The industry demands low production costs for the
materials. The key factor here is the good availability of starting materials and
reagents. Particularly the synthesis of TNT starting from industrially available

toluene, sulfuric acid and nitric acid is almost unbeatable in this point.

Synthesis/Yield: The synthesis should have good yields not only because of the
costs, but also to preserve the green idea. Particularly interesting are synthesis
that offer good atom economy and that work with recovery through renewed
purification of reagents (e.g., HNOs). The process should not exceed a few
synthesis steps and should not involve any steps, resulting in the formation of
isomers that require extensive purification. When selecting reagents, attention
must also be paid to their suitability for use. For example, REACH prohibits the use
of hydrazine as such. Moreover, the formation of unstable or even explosive
intermediates should not occur. The ideal case would be a drop-in replacement,
where the synthesis plant does not have to be modified and the new substance

can be produced in a comparable way to the old one without major adjustments.

Due to this large number of requirements for new substances, many newly
synthesized compounds can already be excluded after first tests, as it is extremely
difficult to meet all the prerequisites. Particularly for parameters such as

performance, compatibility, sensitivity or density, initial estimations can already be
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made on the basis of the chemical structure with a profound knowledge about
explosives. However, the exact value can only be determined through tests with
the real compound and not certainly through theoretic methods. The initial focus
here is on the chemical synthesis of new compounds which, from a performance

perspective, would have potential for later application.

1.3 Chemical Design of New Explosives

Accordingly, some basic chemical methods have been established which increase
the possible performance of explosives. One strategy involves the introduction of
oxygen-rich explosophoric groups like —ONO2, —_NO2, —N(H)NO2 or N-oxides to
oxidize the molecules’ backbone. Some representants are given in Figure 7. As a
result, fuel and oxidant are combined in the same molecule. The increased oxygen
balance also favors the formation of predominantly gaseous products.
Additionally, the introduction of oxygen-containing structural elements typically
increases the density of the compounds, which, as mentioned above, has a

significant effect on the resulting detonation properties.5l
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Figure 7. Recently developed explosives with an oxidized backbone: bis-1,1’-(3,4,5-trinitropyrazolyl)-methane
(BTNPM), bis-(nitrofurazanyl)furoxane (BNFF) and 1,5-dinitraminotetrazole (H.DNAT).

A second strategy covers compounds with a high nitrogen content. Enhanced
nitrogen concentration provides several benefits. Unlike C—C bonds, which tend to
form single bonds, the nitrogen triple bond (BE(N=N) =954 kJ mol™) is
thermodynamically clearly preferred over the single (BE(N-N) = 160 kJ mol™) and
double bond (BE(N=N) =418 kJ mol™?).[% 54 Therefore, the decomposition of
nitrogen-rich, mostly endothermic compounds releases an extremely large amount

of energy through the generation of N2. In addition to the high driving force due to
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dinitrogen gas development, the high N-content has environmentally favorable
benefits as well. The substance classes of azoles (e.g. pyrazoles, triazoles or
tetrazoles) or azines (e.g. triazines or tetrazines) are especially suitable for this
purpose (Figure 8).1* 55601 Due to the composition of exclusively nitrogen, the
addition of azides can be useful in this context. Because of their endothermic
character, azides contribute additional energy to the system. The synthesis of new
fused or anilated systems consisting of several N-heterocycles, which often feature
excellent densities and stability, has been a major focus of research in previous

years.[61-:62]
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Figure 8. Explosive representatives with high nitrogen content formed by the use of tetrazoles, triazines and
azides: tetrazene, bis-(triaminoguanidinium) 5,5-azotetrazolate (TAGHZ) and 2,4,6-triazido-1,3,5-triazine

(TAT).

Equally effective but more cumbersome is the use of additional energy input
through the use of motifs with ring or cage strain (Figure 9). The reason for this is
the complex synthesis of these representatives. The principle is based on a
deviation of the C-C tetrahedral angle (109.5°) to approx. 90 °. During
decomposition, this energy, which is stored in the system due to the unfavorable

angles, is released.

NO2 o X o N I\
/_NO, NO, !

,_ o )>——0
N 0N NO, /)—L\
O2N O:N NO; N NG
O,N NO,
TNAZ ONC TEX

Figure 9. Explosives containing ring or cage strain: 1,3,3-trinitroazetidine (TNAZ), octanitrocubane (ONC) and
4,10-dinitro-2,6,8,12-tetraoxa-4,10-diazatetracylododecane (TEX).
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The best-known representative is octanitrocubane (ONC). As the name suggests,
its basic structure is in the form of a cube, which is completely nitrated. ONC not
only has a balanced oxygen balance towards CO:2 but also calculated detonation
properties that are superior to most other explosives (Vdet > 10.000 m s71).[63-64]
Unfortunately, the synthesis is extremely complex and thus the price for use
outside academic interests is utopian.

Using these three strategies (oxidation of the backbone, nitrogen content, and
intramolecular strain), it is often possible to add enough energy to a system to
make it useful as an explosive. However, one must consider the properties,
especially in terms of mechanical and thermal stability. Of course, it would be
possible to reduce the sensitivities considerably by introducing bulky rests or
substitutes, but this would again compromise the energetic performance.
Consequently, three established strategies are available for adjusting these
properties and still maintaining or even improving the energetic characteristics.
Especially carbon-substituted, sp? hybridized amines, which are located next to an
electron-withdrawing group such as —NOg, are suitable for increasing the stability
through the generation of intramolecular hydrogen bonds. Likewise, the
sensitivities can be reduced by these structural motifs (Figure 10). Unlike C-linked
amines, N-NH: functions are attractive in terms of energetic purposes. The
hydrazine function increases the enthalpy of the system.[’l As can be observed in
1,1'-DABT or 1,5-DAT, N-NH2 groups are sp® hybridized.[5-6¢6] Often, no
intramolecular stabilizing effects can be observed with N-amines, but rather

increased sensitivity and performance parameters.

NO, O,N_ _N_ _NO, H2N
X NN N<y
HoN = NO, | _ Il \>_<\ I
HNT SN” NH, N<y \—N
| \
NH; o® NH,
FOX-7 LLM-105 1,1-DABT

Figure 10. Representatives consisting of an amine function: 1,1-diamino-2,2-dinitroethene (FOX-7), 2,6-
diamino-3,5-dinitropyrazine-1-oxide (LLM-105) and 1,1’-diamino-5,5-bistetrazole (1,1-DABT).

Forming salts is an effective tool for further tuning the sensitivity and properties of

energetic compounds. Most examples for ionic energetic materials are found for
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systems containing energetic heterocyclic anions and metal or nitrogen-rich
cations.[67-68] The resulting lattice energy lowers the enthalpy of the system, but the
properties can be adjusted by selecting the appropriate bases.!® The deprotonation
of the heterocyclic backbone leads to a reduction of the acidity, which reduces the
vapor pressure and increases the thermal stability. Salination with hydroxylamine
usually increases the density compared to free acid and at the same time reduces
the sensitivity (TKX-50 or MAD-X1)(Figure 11).37: 6% Through its composition, the
hydroxylammonium cation has a positive effect on the oxygen balance and
enthalpy of formation, which often leads to increased performance. Metal salts
(especially potassium or silver) are often used for the formation of primary
explosives. Besides increasing densities and decomposition temperatures, they

contribute to a clear increase in sensitivities (K2DNABT).[70-71]

NO,
®Q @Q @N
O,N \
N— : \i —N N— : \: J\ N— : \i ~N
N N N N NO N N
O VO 2 S)
e} o} N
® ® o) N +
2 H3N-OH 2 H3N-OH 2 2K
TKX-50 MAD-X1 K,DNABT

Figure 11. Recently developed ionic energetic compounds: bis-(hydroxylammonium) 5,5-bistetrazole-1,1’-
diolate (TKX-50), bis-(hydroxylammonium) 3,3"-dinitro-5,5-bis-(1,2,4-triazole)-1,1’-diolate (MAD-X1) and
dipotassium 1,1’dinitramino-5,5’bistetrazolate (K:-DNABT).

Similarly, an extended, through-conjugated r-system brings additional stability to
the structure. In the simplest case, several heterocyclic rings can be strung
together for this purpose. In order to additionally enlarge the chromophore,
substituents such as nitro groups, which themselves participate in the
delocalization, are useful. The best-known representative is hexanitrostilbene
(HNS), which is widely used as a temperature-resistant explosive (Figure 4). New
developments involve heterocyclic moieties to the well-established trinitrotoluene
units. Worth mentioning are TKX-55 and PYX (Figure 12), which both show lower
sensitivities but higher performances at similar decomposition temperatures

compared to HNS.[72-73]
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Figure 12. Thermally stable explosives: 5,5-his(2,4,6-trinitrophenyl)-2,2’-bi(1,3,4-oxadiazole) (TKX-55) and
2,6-bis(pikrylamino)-3,5-dinitropyridine (PYX).

For most newly developed explosives, it is common to utilize multiple strategies to
increase performance and adjust properties. Here, a fine line between sufficient
performance, suitable sensitivity and satisfactory stability has to be bridged, which

can often only be achieved by trial and error.

1.4 Objectives

In this work, special attention was put on new compounds containing tetrazoles
and covalent azides or combinations of these as neutral or ionic compounds. The
obtained substances cover the field of new high performing secondary explosives,
melt-castable materials, plasticizers, heavy metal-free primary explosives. These
substances should fulfill all previously mentioned criteria for a possible use as
replacement candidates. A second focus was set to molecules, which are
interesting from an academic point of view. This includes substances with
particularly low stability, which are on the verge of mere existence (mostly high
nitrogen content) as well as particularly unstable molecular motifs, which are
difficult to handle and analyze, such as carbonyl azides. Therefore, selected mono-
, bis- or tri-heterocyclic systems were modified with specific energetic functional
groups to adjust and tune their properties. Figure 13 highlights all utilized
heterocyclic motifs, which were used as backbone for synthesis of new energetic
materials in this thesis and their respective heats of formation in the gas phase.
Except hardly synthetically available pentazole, tetrazole is the heterocycle often
favored, as it combines sufficiently high enthalpy of formation, stability and

performance with good availability and synthetical accessibility.
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Figure 13. Comparison of frequently utilized azoles’ gas phase enthalpy of formation. The values were
calculated using the Gaussian09 CBS-4M electronic enthalpies obtained from the atomization method
(AHgm =Hm — YH @ + Y AH (). All heterocycles applicated in this thesis are highlighted in red.

Both predominant motifs, azides and tetrazoles, can be easily introduced. In
principle, it is only possible to introduce azide functions in a carbon-bonded form.
There are no examples in the literature for N-linked azides on heterocycles, since
these are not stable according to calculations and decay similarly to other N-
functions. In general, it should be noted that although the enthalpy of formation is
drastically increased when azides are introduced, the density of the compounds
usually decreases, since azides do not form a good interface for attractive
hydrogen bridges due to their hydrophobic character. Azides are mainly obtained
through halogen azide exchange reactions or diazotization of hydrazines or
hydrazides (Figure 14).

I
/\/ NaN3

N\N N\N
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Figure 14. Methaods of introducing azides, with selected examples from this work. A) chloro-azide exchange of
1-chloroethyl-5-aminotetrazole with sodium azide; B) diazotization of nitrosemicarbazide with nitrous acid.
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Tetrazoles are accessible via click-reactions [3+2 cycloaddition] starting from
nitriles and azides. But for the application of tetrazole-containing compounds, multi-
substituted compounds are particularly interesting, as they offer several
advantages. Apart from a few exceptions (trisubstitution), only monosubstituted (C
or N-substitution) or di-substituted (C and N-substitution) tetrazoles are essentially
under consideration. In this context, hetero-substitutions are particularly important,
since these functions can be used to tune the energetic properties. In addition to
the classical energetic substituents such as azido, nitro, nitramino or cyano groups
at the C-position, N-oxides and N-amines have proved particularly useful for
functionalizing the N-position of a C and N-substituted tetrazole. These units
increase the density, lower the acidity and introduce an additional reaction site for
further functionalities. Moreover, energetic N-alkyl functions, such as azidoethyl,

are also capable of refining the respective moieties into more practical explosives.

S O
\ _OH
o Na HoN /S\/ @
NN %
\
A) I />7NH2 / NH, + >7NH2
N—y N N\

HO\
0,N N ' L@ ON N N
B) TN = TN

Figure 15. Possible pathways for the synthesis of N-substituted tetrazoles: A) electrophilic substitution of 5-
aminotetrazolate using HOSA,; B) selective mechanism via azidoxime and acidic produced ring closing
reaction.

The introduction of these moieties can basically be achieved through two
pathways. Firstly, via an electrophilic substitution reaction of the respective
tetrazolate. Here, the formation of isomers can occur dependent on the C-
substitution (Figure 15A)). Secondly, via substituted imino azides motifs (e.g.
azidoximes, azidohydrazones) which selectively form 1-substituted tetrazoles
(Figure 15B)). Both methods were applied extensively to synthesize various new

N-substituted tetrazole derivatives.
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In addition to the listed main compound components, tetrazoles and azides, almost
the entire scope of energetic materials chemistry has been used to create new
explosives. This includes the use of numerous endothermic heterocycles, as
shown in Figure 13 as well as various energetic functionalization through suitable
groups as amino, nitro, nitramino or cyano functions. In addition, compounds with
tendentially acidic or basic characteristics were salinized with suitable,

energetically useful counterions.
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A combined nitrogen and oxygen content of over 90%! By combining azide and
nitramine functionality, a unique, low-molecular weight compound was
synthesized, which is of great interest not only for its energetic character, but also

for its unique molecular chemical properties and decomposition mechanism.
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Abstract: The diazotization of nitrosemicarbazide (1) resulted in the formation and
isolation of nitrocarbamoyl azide (2), which was thoroughly characterized by
spectroscopic and structural methods. This compound shows surprising stability
but also high reactivity and sensitivity, with a melting point of 72 °C and a
detonative decomposition point at 83 °C. In addition, five selected salts were
synthesized by careful deprotonation. The decomposition mechanism of 2 in
solution was investigated and could be clarified by performing experiments using
methanol and hydrazine as trapping reagents. The energetic and physicochemical

properties of all these compounds were investigated and classified.

2.1 Introduction

Although in most cases they are short-lived, carbonyl azides (RC(O)N3) have been
known for more than a century.2 Especially their decomposition to form
isocyanates, named after Curtius, makes them interesting and indispensable from
a synthetic point of view.*! Nevertheless, there are only a small number of well-
characterized low-molecular-weight representatives. Synthesis and proper
analysis are complicated by the low stability and often by the explosive nature of
acyl azides.[®l Nevertheless, over the past few years it has been possible to
completely analyze some simple carbonyl azides such as formyl azide and
carbonyl diazide.l”®! Other simple carbonyl azides such as carbamoyl azide or
oxalyl diazide have been described in the literature, but their structures and
properties are not yet fully understood (Figure 1).[19-14 Nitrocarbamoyl azide
(HNCA, 2) is another representative of this substance class that is interesting from
many perspectives. Above all, this compound is characterized by the fact that with
azide and nitramine functions it should have good energetic potential. This was
also recognized by Bottaro et al., who attempted to synthesize NCA- salts by
nitration of carbamoyl azides.'® However, the claimed ionic materials were
examined only by IR spectroscopy.*®! In addition, several questions regarding the
molecule arise from an academic point of view. On one hand, the acidic proton of
the nitramine unit offers many possibilities for functionalization of this site, but on
the other hand, it is also uncertain to what extent the decomposition mechanism is

affected. By following the Curtius rearrangement for the decomposition of carbonyl
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azides, HNCA would provide a platform for further chemistry with various
nucleophiles. Furthermore, reactions with energetic building blocks could generate
an innovative access to future energetic materials. In this contribution, the
synthesis, properties, and crystal structures of pure nitrocarbamoyl azide and

several of its salts and decomposition products are reported.

2.2 Results and Discussion

HNCA (2) can be synthesized by diazotization of nitrosemicarbazide (1)*6-171 with

a slight excess of sodium nitrite in 2 M HCl at O °C.

Well characterized Experimentally proven Theoretical calculations
0 0 0 0
H N H,N
HJJ\Ng 3C‘O)J\N3 3%% 2 ‘NJJ\NE,
o H
0] 0 0 0
Nz~ “Nj %Ng HoNT TNg HOJLNG
X i Looa
O,N.
2 H N3 N3 ).LNB BI")J\N?J |)I\N3
This work

Figure 1. Smallest representatives of the carbonyl azide family.

Yields of up to 76% can be achieved by rapid extraction of the reaction solution
with diethyl ether and quick removal of the solvent under a nitrogen stream. These
conditions proved to be particularly practicable and favorable, as direct access to
neutral 2 was gained (Caution: it is strongly recommended that full body protection
be worn during work with any compound discussed here). HNCA crystallizes in the
form of colorless needle-shaped crystals and is stable under ambient conditions
for several weeks. Salts were obtained by dissolving 2 in cold methanol and then

adding 1 equiv of the respective bases (Scheme 1).
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In order to obtain insight into the structure and bonding of HNCA, the molecular
orbital (MO) energies were calculated for three different potential tautomers using
the GO9W code and various resonance structures using the VB2000 code (version

2.8) (further details and results are provided in the Supporting Information).

O 0 OH
HNJ\I/\I/NOZ NS)J\N/NOZ Ns)\\N/NOZ
N=N H
c A B
+4.8 kcal mol” +0 +10.3 kcal mol!

Figure 2. Tautomers of HNCA (2): A, amide form; B, iminol form; C, 1-nitrotetrazolone form. Energies relative
to A are shown.

Of particular interest were the proton location as well as whether there was some
indication supporting the presence of the closed tetrazole tautomer. The MO
energies of the three tautomers in Figure 2 were calculated at the B3LYP/cc-pVDZ
level. The energies of conformations B and C relative to the amide form A are 10.3
and 4.8 kcal mol™, respectively. The equilibrium is therefore strongly in favor of
tautomer A. To confirm the theoretical findings, the focus was set on low-
temperature single-crystal X-ray diffraction measurements.

0 NoH, * H,0 0 HNO3/H,SO4 0]
ON. NH, ™ O,N. _NO,
NN H H
NSC (1) * H0
NaN02 i "
HCI | % )NJ\Hz
- ©7 HNTONH
a) NaHCO,4 a)NaNCA + H,0 (3) | 2 2
o b) KHCOs4 b) KNCA (4) ;
om. . c) NHs R c) (NH,)NCA (5) !
N~y T d)(GNCA (@) |
3 d) (G),COs4 | 0
N e) (NHzOH)NCA (7) |
e) NH,OH * H,0 | - o,n.
HNCA (2) ; NOAT P,

Scheme 1. Synthetic pathway toward HNCA (2) and its salts 3—7.
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The crystal structures of compounds 1-8 were successfully determined. All of the
data and structures are shown in the Supporting Information. Despite their high
sensitivity toward external stimuli, crystalline 2 is fine to handle, and crystals
suitable for X-ray measurements were obtained directly from the crude product.
HNCA crystallizes in the monoclinic space group P2i/c with four molecular units
per unit cell (Figure 3). Similar to other comparable carbonyl azides, the azide
group is syn to the carbonyl function with respect to the C—Nq bond.[® 18-1°] The
molecule itself is nearly planar. Although the azide group is almost in a plane with
respect to C=0 (N3-N2-N1-C1, 2.1(15)°; N2-N1-C1-01, 178.62(15)°), the nitro
group of the nitramine is twisted out of this plane (O1-C1-N1) by about 10 °. As
expected, the azide functionality shows an angle of 174.03(13)° due to negative
hyperconjugation and long bonding effects. This is in accordance with the angle in
HC(O)Ns (174.49(17)°) and only slightly larger than those in OC(Ns)2 (172.1(5)°,
172.6(6)°). The N1-N2 (1.2685(18) A) and N2-N3 (1.233(5) A) bond lengths show

no divergence toward other members of the carbonyl azide family (Figure 1).189

a) o1 02

1.224 A

03

Figure 3. (@) Molecular structure and bond lengths of 2 as determined by low-temperature X-ray diffraction
with thermal ellipsoids drawn at the 50% probability level. (b, c) Views of the packing of 2 (b) slightly twisted
along the a axis and (c) along the c axis. Intramolecular H---O interactions are shown as dotted lines.
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The sufficient stability and solubility of the parent molecule 2 allowed
characterization not only by **3C NMR spectroscopy (& = 152.1 ppm, *H resonance
not observed) but also by >N NMR spectroscopy. Since significant decomposition
was observed at room temperature, the >N spectrum was recorded at 0 °C in
methanol-ds. All five resonances were observed, with assignments as displayed in
Figure 4 (5 = -45.6, —140.0, —-147.2, -184.6, and —262.7 ppm). The resonance of
the a-nitrogen atom (N-1) of the azido moiety is significantly shifted to lower field
compared with those of organic azides, which is typical for carbonyl azides.??l In a
similar fashion, the resonance of the y-nitrogen atom (N-3) is also shifted to lower
field and detected “left” of that of the B-nitrogen atom (N-2). The assignments of Ng
(Aviz = 50 Hz) and Ny (Avyz = 140 Hz) were based on the line widths of the
resonances in the corresponding N NMR spectrum. The resonances of the
nitramine moiety are found in the typical regions, with the nitro group at -45.6 ppm
and the amine resonance at —184.6 ppm.['° 21l Because of the low solubility and
quick decomposition even in cold methanol, only 1N NMR data for the NCA~ anion
are available. With ammonium salt 5 as a representative example, in addition to
the ammonium signal (-367 ppm, Avi2 = 6 Hz), four further resonances are
detectable for the NCA~ anion. The signals for the azide nitrogen atoms at —135
ppm (Aviz = 45 Hz), =143 ppm (Aviz = 112 Hz), and —267 ppm (Aviez= 162 Hz)
are similar to those of the neutral compound. However, the signal of the nitro group
is significantly downfield-shifted to =10 ppm (Avi2 = 42 Hz) upon deprotonation
(the nitramide nitrogen resonance was not observed in the N NMR spectrum

because of the extremely large line width).

N2

540
OzN\/L_

12‘
3

N5 N3 N4

/!

WnwmmwwmmmmmmmwmwwmmnmwmmwmMMmmmmmmmmwmmmmﬂmmwmj;mmmmnWMmemmmMMm
0 -50 -100 -150 -200 -250 -300 -350
ppm (**N)
Figure 4. 5N NMR spectrum of 2 in CDs0D at 0 °C.
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As already mentioned above, 2 is bench-stable but decomposes rapidly in solution
at ambient temperature, especially in protic solvents. The decomposition of 2
probably does not proceed via a Curtius rearrangement to the isocyanate, as
usually occurs for carbonyl azides.[?>241 However, neither isocyanatonitramine nor
derivatives thereof were observed as decomposition products. In our opinion,
elimination of HNs to form an intermediate nitroisocyanate in solution seems likely.
The latter has already been reported and analyzed.? This hypothesis is supported
by trapping reactions with hydrazine hydrate and methanol as nucleophiles,
yielding compounds 1 and 8. In an attempt to form a hydrazinium salt of 2, the
precursor molecule 1 was obtained and isolated in almost quantitative yield.
Furthermore, treatment of 2 in methanol at 60 °C furnished methyl nitrocarbamate
(8) (Scheme 2).

0 -N Pe
oN_, i ON_ N
2 \N N_\ + +" 2 \N’
H N\‘\N Curtius-Rearrangement H
(2)
HN,
elimination
$ .10
o Noa 2
O,N___C~
2 \N/ MGOH

Nitroisocyanate

Scheme 2. Proposed decomposition mechanism of 2 and trapping reactions of the intermediate
nitroisocyanate with methanol and hydrazine hydrate as nucleophiles.

Besides the guanidinium salt 6 (115 °C), the most temperature-stable compound
is the potassium salt, which decomposes by detonation at 120 °C (Table 1).
Therefore, KNCA (4) was investigated in a classic initiation capability test using

pressed pentaerythritol tetranitrate (PETN) as the main charge.
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Type A
electric
ignitor

Primary
Explosive

Secondary
Explosive
(200 mg)

Figure 5. Schematic initiation test setup (left), result of the initiation test of potassium salt 4 toward PETN
(center), and flame test of 5 mg of 4 with the moment of detonation (right).

Salt 4 (30 mg) was loosely filled on top of the secondary explosive and ignited
using an electrical ignitor, and it was able to cause a positive deflagration-to-
detonation transition (DDT) toward the PETN loading (Figure 5). This was indicated
by a hole in the copper plate and fragmentation of the shell.

Table 1. Energetic properties and detonation parameters of 1-7.

1 2 3 4 5 6 7
Formula CHsN4OsH2  CHNsO  NaCNsOsHz KCNsO CHaNeO  CaHsNsO  CHaNsO
O 3 O] 3 3 3 4
IS [J]e! 5 <1 <1 <1 6 40 <3
FS [NJ®! 48 05 04 <01 20 324 <40
ESD [J]d 0.1 n.d. 0.065 <0.01 0.16 0.27 n.d.
o [gcm=]d 1814 1.708 1.891 1.986 1.683 1.648 1.803
N+O [%o]©] 87.0 90.0 784 69.8 89.2 84.2 90.2
Q%] -11.6 6.1 0 470 -10.8 -33.7 0
Teec [°CJH 156 83 81 120 79 115 93
AH’ -88.5; 147.5; -44538; —-44.4; 104.6; 79.0; 156.6;
[kJ/mol:kJ/g]H -0.65 113 -2.61 -0.26 0.71 0.42 0.95
EXPLO5 V6.05.02
EA'= Uoﬂ[kJ kg™ - 5066 - 4227 4924 3853 6233
i
Pcj [kbar]t - 270 - 223 293 222 367
Vet [ms™1H - 8333 7441 8620 7879 9460

[a] Impact sensitivity. [b] Friction sensitivity. [c] Electrostatic discharge. [d] From X-ray diffraction analysis
recalculated to 298 K. [e] Combined Nitrogen and Oxygen content. [f] Oxygen balance with respect to CO
formation. [g] Decomposition temperature (onset values; B = 5 °C min™1). [h] Calculated enthalpy of formation.
[i] Calculated energy of formation. [j] Detonation pressure. [k] Detonation velocity.
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The sensitivities cover almost the entire spectrum and range from the insensitive
guanidinium salt 6 (impact sensitivity (IS) = 40 J; friction sensitivity (FS) = 324 N)
to the extremely sensitive potassium salt 4 (IS <1 J; FS < 0.1 N). Neutral HNCA
has sensitivities of <1 J toward impact and 0.5 N toward friction, which are in the
ranges for a primary explosive. The electrostatic discharge (ESD) sensitivities
follow the general sensitivity trend. No ESD sensitivity values are given for 3 and
7 because those salts melted under the electrical load.

For all of the water-free compounds, the detonation parameters were calculated
using the EXPLO5 code (further details and results are provided in the Supporting
Information). All of the metal-free compounds (2 and 5-7) show positive enthalpies
of formation.[?®l The calculated detonation velocity (Vdet) values range from 7441 m
st for the potassium salt 4 to a remarkable value of 9460 m s for the
hydroxylammonium salt 7 (Table 1). Thus, 7 outperforms HMX (Vdet = 9193 m s71)
in terms of detonation velocity and has a value close to that of CL-20
(Vdet =9772 m s1). The neutral compound 2 has Vdet = 8333 m s and a
detonation pressure (Pcj) of 270 kbar, which are similar to those of PETN
(Vdet = 8429 m s71; Pcy = 308 kbar).

2.3 Conclusion

In summary, the synthesis and thorough characterization of nitrocarbamoyl azide
(HNCA, 2) and several salts are reported. HNCA is solid at room temperature
(because of the strong hydrogen bridge with a length of d(D-H---A = 2.808(2) A),
melts at 72 °C, and decomposes at 83 °C. The predominantly sensitive compounds
show interesting results in the calculation of the detonation parameters, especially
the hydroxylammonium salt 7 with Vdet = 9460 m/s. The potassium salt 4 is a high-
performing primary explosive that showed a positive result in an initiation test on
200 mg of PETN. A mechanism for the decomposition of 2 was proposed and
verified by two trapping experiments. The mechanism does not follow the Curtius
rearrangement as is usual for carbonyl azides, but instead, elimination of hydrazoic

acid to form an intermediate nitroisocyanate occurs.

34



2.4 Acknowledgments

This work is dedicated to the memory of Professor Klaus Banert. Financial support

of this work by Ludwig-Maximilian University (LMU), the Office of Naval Research
(ONR) under Grant ONR N00014-19-1-2078, and the Strategic Environmental
Research and Development Program (SERDP) under Contract W912HQ19C0033
is gratefully acknowledged. We thank Dr. Jiabo Li for providing us with VB2000

version 2.8 and for his help with the CAS calculation. We also thank Dr. Constantin
Hoch for taking the photos of HNCA.

2.5 References

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

[10]
[11]

[12]
[13]

T. Curtius, Ber. Dtsch. Chem. Ges. 1894, 27, 778-781.

T. Curtius, Ber. Dtsch. Chem. Ges. 1890, 23, 3023-3033.

J. Lee, J. Lee, H. Jung, D. Kim, J. Park, S. Chang, J. Am. Chem. Soc. 2020,
142, 12324-12332.

Q. Wang, J. A. May, Org. Lett. 2020, 22, 3039-3044.

M. Balci, Synthesis 2018, 50, 1373-1401.

S. Brase, C. Gil, K. Knepper, V. Zimmermann, Angew. Chem. Int. Ed. 2005,
44, 5188-5240.

K. Banert, C. Berndt, M. Hagedorn, H. Liu, T. Anacker, J. Friedrich, G.
Rauhut, Angew. Chem. Int. Ed. 2012, 51, 4718-4721.

X. Zeng, M. Gerken, H. Beckers, H. Willner, Inorg. Chem. 2010, 49, 9694—
9699.

X. Zeng, E. Bernhardt, H. Beckers, K. Banert, M. Hagedorn, H. Liu, Angew.
Chem. Int. Ed. 2013, 52, 3503-3506.

J. Thiele, O. Stange, Liebigs Ann. 1894, 283, 1-46.

S. Mohan, K. S. P. Durairaj, S. P. Jose, Spectrochim. Acta, Part A 2003, 59,
1697-1704.

H. W. Roesky, O. Glemser, Chem. Ber. 1964, 97, 1710-1712.

L. Fengyi, Z. Xiaoqing, S. Qiao, M. Lingpeng, Z. Shijun, A. Xicheng, Z.
Jianping, G. Maofa, W. Dianxun, Bull. Chem. Soc. Jpn. 2005, 78, 1246—
1250.

35



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

K. Banert, C. Berndt, S. Firdous, M. Hagedorn, Y.-H. Joo, T. Ruffer, H. Lang,
Angew. Chem. Int. Ed. 2010, 49, 10206-10209.

J. C. Bottaro, M. A. Petrie, P. E. Penwell, A. L. Dodge, R. Malhotra,
NANO/HEDM Technology: Late Stage Exploratory Effort; Report No.
A466714; SRI International: Menlo Park, CA, 2003; DARPA/AFOSR funded,
contract no. F49620-02-C-0030.

V. S. Glukhacheva, S. G. I'yasov, G. V. Sakovich, T. G. Tolstikova, A. O.
Bryzgalov, N. V. Pleshkova, Russ. Chem. Bull. 2016, 65, 550-560.

S. G. Il'yasov, A. A. Lobanova, N. I. Popov, R. R. Sataev, Russ. J. Org.
Chem. 2002, 38, 1731-1738.

L. A. Ramos, X. Zeng, S. E. Ulic, H. Beckers, H. Willner, C. O. Della Védova,
J. Org. Chem. 2012, 77, 6456—6462.

A. Baumann, A. Erbacher, C. Evangelisti, T. M. Klapotke, B. Krumm, S. F.
Rest, M. Reynders, V. Sproll, Chem. Eur. J. 2013, 19, 15627-15638.

K. Banert, Y.-H. Joo, T. Ruffer, B. Walfort, H. Lang, Angew. Chem. Int. Ed.
2007, 46, 1168-1171.

T. S. Hermann, T. M. Klapotke, B. Krumm, J. Stierstorfer, J. Heterocycl.
Chem. 2018, 55, 852—-862.

T. Curtius, J. Prakt. Chem. 1895, 52, 243-271.

H. M. Singleton, W. R. Edwards, J. Am. Chem. Soc. 1938, 60, 540-544.
M. Okaniwa, K. Takeuchi, M. Asai, M. Ueda, Macromolecules 2002, 35,
6224-6231.

T. M. Klapdtke, A. Schulz, Inorg. Chem. 1996, 35, 7897-7904.

M. Rahm, G. Belanger-Chabot, R. Haiges, K. O. Christe, Angew. Chem.,
Int. Ed. 2014, 53, 6893—6897.

2.6 Supporting Information

2.6.1 Experimental and General Procedure

1H, 13C, N and >N NMR spectra were recorded on BRUKER AMX 400

instruments. Chemical shifts are referenced with respect to tetramethylsilane

(*H/*3C) and nitromethane (**N/*°N). Infrared spectra (IR) were recorded in the
region 4000-400 cm™ on a PERKIN ELMER Spectrum BX-59343 instrument with
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a SMITHS DETECTION DuraSampliR 1l Diamond ATR sensor. Raman spectra
were recorded with a Bruker MultiRAM FT-Raman instrument fitted with a liquid-
nitrogen cooled germanium detector and a Nd:YAG laser (A =1064 nm) The
absorption bands are reported in wavenumbers (cm™). Decomposition
temperatures were measured via differential thermal analysis (DTA) with an OZM
Research DTA 552-Ex instrument at a heating rate of 5 °C/min and in a range of
room temperature to 400 °C. All sensitivities toward impact (IS) and friction (FS)
were determined according to BAM (Bundesanstalt fur Materialforschung und
Prufung) standards using a BAM drop hammer and a BAM friction apparatus by
applying the 1 of 6 method.[SU All energetic compounds were tested for sensitivity
towards electrical discharge using an Electric Spark Tester ESD 2010 EN from
OZM. Energetic properties have been calculated with the EXPLO5 6.02 computer
[52] code using the RT converted X-ray density and calculated solid state heats of

formation.

CAUTION! All investigated compounds are potentially explosive materials. In
particular the potassium salt, KNCA, is extremely sensitive and tends to explode in
dry state. Safety precautions and equipment (such as wearing leather coat, face
shield, Kevlar sleeves, Kevlar gloves, earthed equipment and ear plugs) must be

used during all manipulations.
Nitrosemicarbazide (1)S3 S4

() HNO3/H2804 o) N2H4 . HZO o)
O,N. _NO O,N. _NH
v, S

H H H H
NSC (1) *H0

HoNT NH,

Urea (3.00 g, 50 mmol, 1.0 eq) was carefully added to a mixture of sulfuric acid
(6.0 mL, 96%) and nitric acid (8.0 mL, 100%) at O °C. The mixture was stirred
below 5 °C for one hour during which time a white precipitate was formed. The
solid was filtered and washed with trifluoroacetic acid (3 x 20 mL) to remove the
remaining nitration mixture to yield dinitrourea (4.90 g, 32.7 mmol, 65%) as white
powder, which was subsequently solved in water (4.0 mL). The mixture was cooled
with an ice bath and hydrazine monohydrate (1.60 mL, 33.0 mmol, 1.0 eq) was
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added dropwise. After the addition was complete, the mixture was allowed to stir
at 30 °C for 1 h, during which time a white precipitate was formed. The solid was
filtered and washed with little amounts of ice water to obtain nitrosemicarbazide
monohydrate (1) (1.30 g, 29%). The total yield is 19%.

DTA (5 °C min™%):105 °C (H20), 156 °C (dec); Sensitivities: BAM drop hammer:
5J, friction tester: 48 N, ESD: 0.1 J (at grain size 100-500 pm). IR (ATR) ¥
(cm™) =3400(m), 3122(m), 2991(m), 1657(s), 1623(m), 1573(m), 1539(s),
1498(s), 1391(s), 1329(s), 1291(m), 1237(s), 1192(s), 1155(s), 1085(s), 1047(m),
1032(s), 971(m), 816(m), 784(s), 747(m), 722(m), 596(s), 532(s), 469(vs), 439(vs),
418(vs); Elem. Anal. (C4HsN4O4, 138.08 g mol™) calcd.: C 8.70, H 4.38, N 40.58%.
Found: C 8.58, H 4.33, N 40.64%; *H NMR (DMSO-Ds, 400 MHz, ppm) 6 = 11.25
(s, 3H), 8.20 (br s, 1H), 3.36 (s, 2H); **C NMR (DMSO-Ds, 101 MHz,
ppm) 6 = 153.9.

Nitrocarbamoyl azide (2)

e} NaNO,/HCI 0]
N. _NH N.
02 N)J\N 2 02 N)J\Ns
H H H
NSC (1) *+ H0 HNCA (2)

Nitrosemicarbazide monohydrate (1) (0.25 g, 1.81 mmol, 1.0 eq) was solved in
hydrochloric acid (5.0 mL, 2M) and cooled to 0 °C. At this temperature sodium
nitrite (0.14 g, 2.03 mmol, 1.1 eq) solved in water (15 mL) was added dropwise
while the temperature was kept below 0 °C. After the addition was complete, the
mixture was subsequently extracted with diethyl ether (4 x 20 mL). The organic
phase was dried with sodium sulfate and the solvent was reduced under nitrogen
stream. Nitrocarbamoyl azide (2) precipitates as colorless crystalline needles
(0.18 g, 76%).

DTA (5 °C min™): 72 °C (endo), 83 °C (dec); Sensitivities: BAM drop hammer:
<1 J, friction tester: 0.5 N (at grain size 100-500 um); IR (ATR) 7 (cm™) = 3250(w),
3125(m), 3023(m), 2882(w), 2775(w), 2401(vw), 2214(m), 2153(s), 1725(m),
1702(s), 1619(s), 1520(w), 1462(s), 1439(m), 1357(m), 1320(m), 1197(vs),
1125(vs), 1098(vs), 1007(s), 984(vs), 831(s), 747(s), 747(s), 727(s), 672(vs),
547(s), 530(s), 455(m), 416(m), 404(m); Raman (1064 nm, 200 mW, 25 °C) v
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(cm™) =3123(vw), 3021(vw), 2217(w), 2157(m), 1706(m), 1634(w), 1621(w),
1463(w), 1441(vw), 1357(vw), 1318(s), 1212(w), 1198(m), 1154(w), 1006(vs),
990(w), 751(w), 533(m), 456(w); Elem. Anal. (CHNsOs, 131.05 g mol™) calcd.:
C 9.17, H0.77, N 53.44%. Found: C 9.54 H 0.94, N 52.95%; 3C NMR (CDz0D,
101 MHz, ppm) & = 152.1; 15N NMR (CDsOD, 41 MHz, ppm) & = -45.6, -140.0,
-147.2, -184.6, -262.7.

General procedure for the preparation of ionic derivatives containing the
NCA™ anion

a) NaHCO3 a) NaNCA - H,0 (3)
5 b) KHCOj4 b) KNCA (4)
o 5 ¢) NH; c) (NH,)NCA (5)
N~y d) (Gua)NCA (6)
N N d) (Gua),CO4 e) (NH30H)NCA (7)
e) NH,OH 3
HNCA (2)

HNCA (2) (0.25 g, 1.91 mmol, 1.0 eq) was dissolved in methanol (10 mL) at 0 °C
and one equivalent of the respective base (3: 161 mg, 1.91 mmol (NaHCOsin 2 mL
water); 4: 191 mg, 1.91 mmol (KHCOs in 2 mL water); 5 965 uL, 1.91 mmol (2M
NHs solution in MeOH); 6: 172 mg, 1.91 mmol ((Gua)2COs in 2 mL water); 7:
117 pL, 1.91 mmol (NH20H - H20 solution)) was added in one portion and the
mixture was stirred for 5 min at 0 °C. The salts started crystallizing while standing
under nitrogen stream within few minutes to one hour. The compounds were
filtered before complete evaporation of the solvent and were washed with little
amounts of cold MeOH.

NaNCA - H20 (3)

Compound 3 was obtained subsequently after the addition of the base as colorless
powdery solid (275 mg, 84%).

DTA (5°C min™1): 67 °C (endo), 81 °C (dec); IR (ATR) v (cm™)=3276(m),
3187(w), 2173(m), 2162(m), 2136(s), 1678(s), 1620(m), 1447(m), 1418(m),
1310(m), 1300(m), 1242(s), 1179(vs), 1124(s), 1083(s), 993(m), 983(s), 827(m),
792(s), 751(s), 731(s), 668(s), 668(s), 639(s), 627(s), 561(s), 541(s), 482(s),
469(s), 459(s), 439(s), 416(s), 405(s); EA (CNsOsNa - H20, 171.07 g mol™) calcd.:
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C 7.02, H 1.18, N 40.94%; found: C 7.22, H 1.41, N 40.38%; Sensitivities: BAM
drophammer: <1 J; friction tester: 0.4 N; ESD: 65 mJ (at grain size 100-500 um).

KNCA (4)

Compound 4 precipitates immediately as colorless crystalline needles (246 mg,
76%).

DTA (5 °C min™%): 120 °C (dec); IR (ATR) v (cm™) = 2167(m), 2032(m), 1704(m),
1660(m), 1616(m), 1433(m), 1407(s), 1300(s), 1229(vs), 1206(s), 1184(vs),
1159(vs), 1099(vs), 988(s), 961(s), 830(m), 802(m), 783(s), 763(m), 749(s),
725(m), 663(m), 649(m), 649(m), 642(m), 636(s), 630(s), 583(m), 559(m), 541(m),
501(m), 481(m), 459(m), 448(m), 420(s); EA (CNsOzK, 169.14 g mol™) calcd.: C
7.10, H 0.00, N 41.41%; found: C 7.64, H 0.28, N 40.72%; Sensitivities: BAM
drophammer: <1 J; friction tester: <0.1 N; ESD: <10 mJ (at grain size 100-
500 pym).

(NH4)NCA (5)

Compound 5 was received as colorless crystals (230 mg, 81%).

DTA (5 °C min™): 79 °C (dec); IR (ATR) ¥ (cm™) = 3189(s), 3182(s), 3082(m),
2167(m), 2138(s), 1625(s), 1619(s), 1420(vs), 1413(vs), 1288(m), 1233(s),
1160(vs), 1117(s), 1083(s), 991(s), 955(s), 824(s), 781(s), 755(s), 731(vs), 560(s),
545(s), 524(m), 524(m), 518(m), 491(m), 480(s), 461(m), 440(m), 432(m), 424(m),
418(m), 408(m); EA (CHaNeOs3, 148.08 g mol™) calcd.: C 8.11, H 2.72, N 56.75%;
found: C 8.23, H 2.62, N 56.48%; Sensitivities: BAM drophammer: <6 J; friction
tester: 20 N; ESD: 65 mJ (at grain size 100-500 ym); *H NMR (CDs0OD, 400 MHz,
ppm) & = 7.20 (br s, 4H); *3C NMR (CD30D, 101 MHz, ppm) 6 = 159.8; **N NMR
(CDs3OD, 29 MHz, ppm) 6 =-10 (42 Hz), -135 (45 Hz), —-143 (112 Hz), -267
(162 Hz), -367 (6 Hz).

(G)NCA (6)

Compound 6 precipitates as yellowish crystalline needles (316 mg, 87%).
DTA (5 °C min™%): 115 °C (dec); IR (ATR) v (cm™) = 3428(m), 3376(m), 3255(m),

3125(m), 2167(m), 2138(m), 2039(w), 1655(s), 1635(s), 1558(m), 1428(m),
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1386(m), 1280(m), 1236(s), 1174(s), 1135(s), 992(s), 968(s), 881(m), 788(s),
743(m), 729(s), 597(s), 597(s), 549(vs), 540(vs), 535(vs), 523(vs), 452(s), 418(vs);
EA (C2H4N6O3, 190.12 g mol™) calcd.: C 12.63, H 3.18, N 58.94%; found: C 13.27,
H 3.04, N 57.98%; Sensitivities: BAM drophammer: 40 J; friction tester: 324 N;
ESD: 270 mJ (at grain size 100-500 um); 'H NMR (CDsOD, 400 MHz,
ppm) & = 7.03 (s, 6H); ¥3C NMR (CDsOD, 101 MHz, ppm) 6 = 164.1, 160.0; N
NMR (CDsOD, 29 MHz, ppm) é = -10 (43 Hz), —-135 (38 Hz), -143 (99 Hz), -268
(155 Hz).

(HX)NCA (7)

Compound 7 starts to crystallize in the form of very hygroscopic colorless needles
when the solvent had almost completely evaporated (210 mg, 67%).

DTA (5 °C min™): 93 °C (dec); IR (ATR) Vv (cm™) = 3124(w), 2983(w), 2740(w),
2204(w), 2142(m), 1740(m), 1614(s), 1451(m), 1318(m), 1139(vs), 993(s), 881(m),
822(m), 785(m), 740(s), 715(s), 550(s), 426(s); Sensitivities: BAM drophammer:

<3 J; friction tester: <40 N.

Trapping reactions

Reaction of HNCA (1) with hydrazine hydrate

g, e, §
O,N. ————  O,N. _NH
2NN, MeOH ZONTONTT? joo
H H H
HNCA (2) (1)

HNCA (2) (0.25 g, 1.91 mmol, 1.0 eq) was dissolved in methanol (10 mL) at 0 °C
and one equivalent of hydrazinium hydroxide (91 uL, 1.91 mmol) was added in one
portion and the mixture was stirred for 5 min at 0 °C. The formed precipitate was
filtered and washed with little amounts of cold MeOH. The product could be
identified as 1 (0.19 g, 73%).
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Methyl nitrocarbamate (8)

O MeOH o
OZN\NJ\Ns 16 h, 60 °C OZN\NJ\O/
H H
(8)
HNCA (2)

HNCA (2) (150 mg, 1.15 mmol) was dissolved in methanol (20 mL) and the mixture
was heated to 60 °C for 16 h. Afterwards, the solvent was evaporated and methyl
nitrocarbamate (8) was obtained as colorless crystalline platelets (126 mg, 91%).
IR (ATR) 7 (cm™) = 3241(m), 3200(m), 3036(w), 1741(s), 1610(vs), 1581(m),
1432(s), 1338(m), 1298(m), 1225(s), 1151(s), 1112(m), 1072(s), 1016(m), 948(s),
913(s), 749(s), 709(s), 610(vs), 489(m), 453(m); EA (C2HaN204, 120.07 g mol™)
calcd.: C 20.01, H 3.36, N 23.33%; found: C 19.52, H 3.41, N 22.59%; H NMR
(CD3CN, 400 MHz, ppm)&=3.81 (s, 3H); 3C NMR (CDs3:CN, 101 MHz,
ppm) & = 150.0, 54.1; **N NMR (CDzCN, 29 MHz, ppm) 6 = -44 (14 Hz).
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2.6.2 Vibrational Spectroscopy

Raman

1 ! 1 ! I ! I ! I I I ! 1 ! I

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure S1. IR (top) and Raman (bottom) spectrum of HNCA. The azide bands are split because of the two
different types of azide (in phase and out of phase) moieties in the stacking shown in the crystal structure.
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2.6.3 Thermal Analysis
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Figure S2. DTA curves of 2 and salts 3-7; the plots were recorded with a heating rate of 5 °C min~t and
decomposition points are given as onset temperatures.



In general, all compounds have relatively low decomposition points. Pure HNCA
starts to melt at 72 °C and undergoes a detonation-like decomposition with an
onset temperature of 83 °C in DTA measurement. The salts 5 and 7 decompose
at 79°C and 93 °C, respectively. Both salts do not show a clear sharp
decomposition but a slightly broadened curve. Besides the guanidinium salt 6
(115 °C), the most temperature stable compound is the potassium salt, which

decomposes by detonation at 120 °C.

2.6.4 Crystallography

Crystal structure data were obtained from an Oxford Xcalibur3 diffractometer with
a Spellman generator (voltage 50 kV, current 40 mA) and a Kappa CCD area for
data collection using Mo-Ka radiation (A = 0.71073 A) or a Bruker D8 Venture TXS
diffractometer equipped with a multilayer monochromator, a Photon 2 detector and
a rotation-anode generator (Mo-K, radiation). The data collection was performed
using the CRYSTALIS RED software.S91 The solution of the structure was
performed by direct methods and refined by full-matrix least-squares on F2
(SHELXT)!S® implemented in the OLEX2[S7! software suite. The non-hydrogen
atoms were refined anisotropically and the hydrogen atoms were located and freely
refined. The absorption correction was carried out by a SCALE3 ABSPACK multiscan
method.S8]

Figure S3. Representation of the molecular unit of 1, showing the atom-labeling scheme. Thermal ellipsoids
represent the 50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius.
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The DiaMOND2 plots shown with thermal ellipsoids at the 50% probability level and
hydrogen atoms are shown as small spheres of arbitrary radius. The SADABS
program embedded in the Bruker APEX3 software was used for multi-scan
absorption corrections in all structures.[S°

Nitrosemicarbazide hydrate (1) crystallizes with a density of 1.848 gcm 3 at 173 K
in the orthorhombic space group Pbca with eight molecular units per cell. The
molecular unit is shown in Figure S3. The molecule is a zwitterion, where the
nitramine function has protonated the hydrazine function on N2. Due to the angles
02-N4-N3-C1 (4.48(15)°), N4-N3-C1-N1 (178.39(9)°) and
N2-N1-C1-N3 (177.47(9)°) an approximate planarity can be assumed. The water
molecule forms with a length of O4--H2A c-N2 (2.027(17) A) and O4:--H2B-N2
(1.891(19) A) hydrogen bonds to the protons of N2.

o' 02

N3

C1
N2 N5

N4
N1

03

Figure S4. Representation of the molecular unit of 2, showing the atom-labeling scheme. Thermal ellipsoids
represent the 50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius.

HNCA (2) crystallizes as colorless platelets with a density of 1.757 g cm=2 at 107 K
in the monoclinic space group P2ic with four molecular units per cell and a cell
volume of 495.45(12) A3. The cell parameters are a=6.1997(9)A,
b =10.2689(13) A and ¢ = 8.2547(11) A. The molecular unit is shown in Figure S4.
The bond angle O1-C1-N4 (127.24(11)°) is identical to that of OC(N3)2 (127.2(5)°).
With 126.03(13)°, O1-C1-N1 is slightly smaller but still larger than that in HC(O)Ns
(125.21(16)°), which is due to the higher steric demand of the functional group. By

looking at the bond angles, it is also obvious that the nitramine function takes up
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marginally more space than the azide function. The C-O bond length is
1.2105(17) A and thus slightly longer compared to HC(O)N3 (C-O 1.204(2) A and
OC(N3)2 (1.200(6) A). The C-O bond length is 1.2105(17) A and thus slightly
longer compared to HC(O)Ns (C—O 1.204(2) A and OC(Ns)2 1.200(6) A) which is
due to the electron withdrawing effect of the nitramine function. Compared with
other C(O)NH functionalities the amide bond length is shortened (1.3803(19) A).
The shorter C-N4 and longer C-O bond indicate an amide-iminol rearrangement
in the molecule. This is also indicated by the extremely short N4-H1---O1
interaction (d(D-H--A = 2.808(2) A).

The defining characteristic of the crystal structure is the strong hydrogen bridge
N4-H1---O1, which leads to the formation of one-dimensional chains along c. The
D-H--A is close to 180° (173.0(18)°) and the respective D--A (2.8078(16) A)
length is significantly shorter than the sum of the van der Waals radii (rw(O) + rw(N)
= 3.07 A). Each chain considered independently, does not show any interactions
with each other and both the azido and the nitro moieties within a chain are oriented

in the same direction with respect to a.

P @

Figure S5. Representation of the molecular unit of 3, showing the atom-labeling scheme. Thermal ellipsoids
represent the 50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius.
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The sodium salt 3 crystallizes with a density of 1.926 gcm™ at 173 K in the
monoclinic space group P2ic with four molecular units per cell. The molecular unit
is shown in Figure S5. The cation is coordinated by seven oxygen. These are the
oxygen of water, the carbonyl group and the nitro group of the own molecular unit
as well as of neighboring molecules. The anion points through the angles
N2-N1-C1-N3 (176.14(12) A), N4-N3-C1-N1 (177.15(13) A) and
C1-N1-N2-03 (172.07(12) A) an almost planar structure.

Figure S6. Representation of the molecular unit of 4, showing the atom-labeling scheme. Thermal ellipsoids
represent the 50% probability.

The potassium salt 4 crystallizes in the monoclinic space group P2i/n with four
molecular units per cell, a volume of 555.37(5) A2 and a density of 2.023 g cm™,
common for alkali metal salts. Each cation is coordinated by five NCA™ anions. The
distances of the potassium cation to the respective oxygen atoms are all in the
range of 2.787-3.032 A. Due to interactions with the metal cation, the nitro group
is rotated by 21.1(2)°(02-N5-N4-C1) toward the plane formed by the carbonyl

functionality.
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N6

Figure S7. Representation of the molecular unit of 5, showing the atom-labeling scheme. Thermal ellipsoids
represent the 50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius.

The ammonium salt 5 crystallizes with a density of 1.730 g cm™3 at 112 K in the
triclinic space group P—-1 with two molecular units per cell. The molecular unit is
shown in Figure S7. The ammonium cation is embedded by four anion molecules
and thus forms strong to medium strong hydrogen bridges
(A-+-H-D = 2,01(2) A - 2.228(17) A). As the other ionic derivatives, the nitro moiety
is twisted out of the plane by 15.7(2)° (C1-N4-N5-03).

The guanidinium salt 6 crystallizes with a density of 1.649 g cm™ at 113 K in the
monoclinic space group P2ic with four molecular units per cell. The molecular unit
is shown in Figure S8. Every guanidinium cation is surrounded by three anion
moieties and shows strong hydrogen bonds (A---H-D =2.12(2) A -2.21(2) A). 6
forms a slightly w