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General Introduction

| General Introduction

1 Classification of High-Energy Dense Materials

An energetic material, in general is defined as a compound or mixture of substances which
contains both, the fuel and the oxidizer and reacts readily with the release of energy and gas."
Apart from that, an explosive is in a metastable state, owning the potential of a fast chemical
reaction, whereby a large amount of heat and pressure is released. For this rapid chemical reaction
under the influence of an external stimuli, such as impact, friction, spark, shock, flame or heating,
no additional reaction partners are required. Along with propellants and pyrotechnics, explosives

form the main categories of energetic materials, which can be classified as shown in Figure 11.1.[""

2]

Energetic
Material
1
1 1 1 1
High Primary .
Explosives Propellants Explosives Pyrotechnics
| 1
1 | 1 1
- . Propellant
A Civil Military Charges for Rocket
pplication Application Guns Propellants

Figure I1.1 Classification of energetic materials.[")

Primary explosives, as the first class of explosives, were widely used from 1864 on by Alfred
Nobel, when he initiated nitroglycerine by mercury fulminate.’) In the further development
lead(Il) styphnate (LS) and lead(Il) azide (LA) were applied as primary explosives. Due to the
high toxicity of Pb*", research efforts focus on replacing these heavy-metal containing explosives.
Under current investigation are for example the copper salt DBX-1 and the potassium salt of
dinitraminobistetrazole (K,DNABT) (Figure 11.2) The predominant application remained the
initiation of a main charge such as propellants or secondary explosives in detonators. Since the
initiation of primary explosives leads to a fast deflagration to detonation transition (DDT) a super-
sonic shock wave is generated. This shockwave is used as an initiator, being the impact sensitivity
usually less than 4 J and the friction sensitivity less than 10 N, moreover, the detonation velocity
ranges between 3500 and 5500 ms™'. The characteristics of primary explosives are a subtle

balance of being initiated reliably, but not too sensitive to be exceedingly dangerous to handle.!" ¥
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Figure I1.2 Molecular structures of the primary explosives LA, LS, DBX-1 and KxDNABT.

For the second class, the secondary explosives or high explosives (HE) once again a historical
milestone is based on Alfred Nobel. In 1867 Nobel patented “Guhr Dynamite”, whereby he mixed
nitroglycerine (75%) with an absorbent clay called “Kieselguhr” (25%). Dynamite got popular in
the civil sector; however, it was never properly applied in the military field. In the particular case
of 2,4,6-trinitrotoluene (TNT), it was widely used in the first and second World War. Similarly,
1,3,5-trinitro-1,3,5-triazinane (hexogen or RDX) and 1,3,5,7-tetranitro-1,3,5,7-tetrazoctane
(octogen or HMX) conquered the secondary explosives market for military use during the second
World War.l"! Although RDX even nowadays is the reference for new developed secondary
explosives, there are other modern compounds such as the booster explosive pentaerythritol
tetranitrate (PETN), the relatively new 2,2-dinitroethene-1,1-diamine (FOX-7) and the tetrazole
based dihydroxylammonium 5,5'-bistetrazole-1,1'-diolate (TKX-50)"*! (Figure 11.3).

o CH3 NG [\I]OZ O— +H3N_OH
2 2
M 02N0:><:ON02 H2N>_<N02 NN Ney
O,NO ONO noH»—
NN 2 2 \
0N > NO, HN- NGz N N
\
NG, O-  *H;N-OH
NT RDX PETN FOX-7 TKX-50

Figure 11.3 Molecular structures of typical secondary explosives. TNT, RDX, PETN, FOX-7 and TKX-
50.

A typical secondary explosive possesses a detonation velocity of 6500-9000 ms™'. The
sensitivities shall be higher than 4 J (impact) and 50 N (friction), in order to be initiated by a
stronger stimulus like the shock wave generated by a primary explosive. Research efforts are
driven towards increased energetic performance parameters, lower sensitivities as well as lower
environmental impact.

Pyrotechnics took their name from the ancient Greek word pyr (“fire”) and tekhnikos (“made
by art”). The desired artistic effect is either heat, light, sound, gas or smoke or a combination of
these, based on non-detonative self-sustaining exothermic reactions. The speed of reaction is
slower compared to the reaction speed of explosives. Another distinguishing feature between
explosives like TNT or RDX and traditional pyrotechnics is, that explosives often combine fuel
and oxidizer in one molecule and pyrotechnics are more likely mixtures of different substances.

One approach in pyrotechnics research is to replace the rather toxic barium or strontium salts as
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light emitters with more environmentally benign alternatives. One example are lithium salts with
elemental lithium as alternative red-light emitter.["- ©

Propellants have a history which goes back much farther. Black powder should be considered
the first described propellant. In general propellants are distinguished into gun and rocket
propellants, whereby both rely on the large amounts of hot gases formed during the combustion as
driving force. Nitrocellulose (NC), nitroglycerin (NG) and nitroguanidine (NQ) entered the
market at the end of the 19" century and are still ingredients in triple-based gun propellants.
Moreover, they serve as main ingredients in double- (NC + NG) and single-based (NC)
propellants. The trend in R+D is focusing on overcoming erosion problems of the gun barrel, e. g.
with triaminoguanidinium azotetrazolate (TAGzT) mixtures, as they possess lower combustion
temperatures. However, propellant charge powders burn considerably faster with pressures up to
4000 bar in the combustion chamber, compared to 70 bar in the combustion chamber of rocket

propellants.

2 Rocket Propellants

In 1923 Hermann Oberth published theoretical and technical foundations for the first space
rockets, nevertheless it was not taken serious at that time.l”” More than 30 years later in 1957
Sputnik 1 became the first artificial satellite.”™) It was launched by a R-7 rocket, which was fueled
by kerosene and liquid oxygen (LOX).

Modern rocket propellants are divided into solid and liquid propellants. The latter can be
further subdivided into mono- and bipropellants. Hydrazine is an example of a monopropellant. It
is an endothermic liquid, which decomposes exothermically without the presence of an external
oxidizing agent. Hydrazine and its derivatives, such as monomethylhydrazine, have been also
used in bipropellants. For bipropellant systems, oxidizer and fuel are separately transported in two
storage tanks and are only injected into the combustion chamber when the motor is fired. They
can be distinguished even further according to their storability and their ignition behavior (Figure

12.1).1
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Figure 12.1 Classification of various propellants.!!!

Solid rocket propellants are either homogeneous double-base or heterogeneous composite
propellants. Similar to gun propellants, double-base rocket propellants mainly consist of
nitrocellulose and nitroglycerin. Heterogeneous propellants are based on a crystalline oxidizer and
metal-containing fuel in a polymer binder agent. Further additives such as burn rate modifiers,
plasticizers and stabilizers can be introduced. The most common oxidizer, ammonium perchlorate
(AP), provides the oxygen for the combustion of the fuel and the binder. Addition of aluminum
increases the density of the fuel which releases high amounts of heat when burned. Under current
investigation for enhancing this fuel is to lower the grain size of aluminum or to introduce AlH3
as alternative fuel, however, both come along with a higher air sensitivity. The structure and
mechanical properties of the final propellant are determined by the polymeric binder, e. g
polybutadiene acrylonitrile (PBAN) or hydroxy-terminated polybutadiene (HTPB). The binder
itself can act as a fuel as it mainly contains carbon and hydrogen. Energetic binders even improve
the performance but suffer from lower mechanical stability. Newer developments on that field are
for example poly(glycidyl)nitrate (poly-GLYN), glycidylazide polymer (GAP) or poly(3,3-bis-
azidomethyl-oxetane) (poly-BAMO).!"!
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3 High-Energy Dense Oxidizers

Ammonium perchlorate (AP) is used since the 1940s and remained the most important high
energy dense oxidizer (HEDO) for solid rocket composite propellants for decades. Even the new
p120 rocket booster for Ariane 6 and Vega E and C are based on AP.”! The advantages are
manifold. It is reliable to use; the industrial production starts from commercially available and
cheap starting materials and it is simple and scalable; furthermore, the performance of the AP is
excellent. Unfortunately, it has a negative effect on the environment due to the products formed
during the combustion, as well as due to the substance itself. The perchlorate anion competes with
iodine for the uptake into the thyroid gland at the sodium/iodide symporter.!"”! This consequently
affects the thyroid hormone synthesis, which is critical for the development of vertebrates,
including unborn children."! Moreover, uncommon pigmentation of amphibian embryos was
observed in correlation with perchlorate contaminated water as well as a delayed
metamorphosis.'? Due to the high solubility, chemical stability and persistence it can be widely
distributed throughout ground water systems.!'" This especially is associated with the release of

ammonium perchlorate by defense contractors, military operations, and aerospace programs.''*

Figure 13.1 Launch of the Atlantis space shuttle, NASA's fourth space rated space shuttle.

In 2020 the United States Environmental Protection Agency (EPA) released fact sheets to
address perchlorate in drinking water, which also state that the occurance has decreased over time.
Besides, the European Union established the REACh regulation (Registration, Evaluation,
Authorization and Restriction of Chemicals), which considers the potential impact of a chemical
substance on human health and the environment. Chemicals, which are manufactured or imported
in a specific amount, or are already known to have a certain hazardous potential, need to be
registered. In this context, ammonium perchlorate is under assessment as endocrine disruptor.!*!

During the combustion of common composite solid rocket propellants massive amounts of
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gaseous products such as CO, CO,, Hz, H,O, Al,O; and HCI are exhausted.!! Thereby, HCl is the
reason for acid rain formation and the main reason for ozone layer depletion as well.!"") In order to
develop a sustainable chlorine-free alternative, research programs have been launched in the past
and remain a challenging task until today. Currently ammonium nitrate (AN) and ammonium
dinitramide (ADN) are discussed as the most promising AP replacements. Even though, both salts
have their own drawbacks, e. g. on the one hand pure AN is hygroscopic and shows phase
transitions in the purposed temperature ranges. ADN on the other hand has a decomposition point
of about 133 °C without further treatment and suffers from compatibility problems with HTPB.!'%!
However, projects which are based on combining the cost-efficient AN with the high-performing
ADN, seem to achieve comparable performance data to AP

One of the most important characteristics of propellant compositions, and particularly HEDOs,
is the specific impulse, which is the change in the impulse per unit of the propellant. The specific
impulse expresses the effective velocity of the combustion gases when leaving the nozzle. A
nozzle is designed to modify the flow of fluids and gases. In the case of rocket propellants its
design is used to increase the velocity of the flow of the enormous amounts of hot gases in the

combustion chamber. The generated thrust than accelerates the spacecraft.[
‘t
Isp = 2 (1

In equation (1) the nominator describes the impulse (classically: mass X velocity or
force X time) as the average thrust F multiplied by the combustion time #, Subject to (1) the unit
is ms'; is the specific impulse based on the gravitation of earth (g=9.81 ms?) the unit is
seconds (s), which is the case throughout this thesis. Classical values for the /s, of solid rocket
boosters are approximately 250 s, whereas double-base propellants should achieve around 450 s.
Chemically it is important, that the specific impulse is proportional to the square root of the

temperature in the combustion chamber (7¢) divided by the molecular mass of the combustion

products (M):

Iy \E 2)

With regards to a practical application, the maximum payload of a rocket or missile can be

doubled by increasing the specific impulse by 20 s.
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In order to replace AP in solid rocket compositions, further requirements have to be taken into
account, which are as follows:'"> "
e high density, best close to 2 g cm ™ or even superior
e high oxygen balance, close to AP (2co = 34%) or even superior
e high thermal stability, at least a melting point of 150 °C
e lower sensitivity compared to PETN (IS >4 J, FS > 80 N)
e low vapor pressure
e convenient synthesis with minimum number of synthetic steps
e compatibility with fuel and binder
e high enthalpy of formation

e long term stable and storable.

Unlike some other requirements, the oxygen balance Q can be determined, prior to practical
experiments. It represents the relative amount of oxygen provided or needed during the
combustion of a material without external sources of oxygen. The oxygen balance is calculated
with the following equation for compounds with the empirical formula C,HyN:Oq4 and M is the

molecular weight of the compound assuming the formation of CO.!"

[d—a—(g)]xmoo

co = M 3

To get to the oxygen balance assuming the formation of carbon dioxide (£2co2) the number of
carbons needs to be multiplied by two in equation 3.

In the recent years several functional groups for HEDOs were investigated, ranging from
excellent performing but very toxic fluorodinitro moiety, to trinitroalkyl compounds, which
mainly possess great performance data but low thermal stability, as well as organic nitrates, which
are often easily accessed from the corresponding alcohol but can suffer from long-term stability
issues.!"®! Three of the current synthesized and most promising candidates are depicted in Figure
13.2.1 Even though first attempts concerning their activation energy and therefore their stability
were made, there is still a long way to a practical application, starting from compatibility

considerations e. g. with a possible binder.*"”
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Figure 13.2 Molecular structures of potential HEDOs: 2,2,2-trinitroethyl N-nitrocarbamate (TNENC),
bis(2,2,2-trinitroethyl) oxalate (BTNEO) and tris(2,2,2-trinitroethyl) orthoformate (TNEF).[!% 201

Altogether, ammonium perchlorate remains the most important applied oxidizer for composite
propellants. Ammonium nitrate as well as ammonium dinitramide currently are the most
promising alternatives, but they have not been used on a large scale yet. Therefore, establishing a

new oxidizer remains a challenging task.

4 Toxicity Measurements

When talking about toxicity, one of the first things that comes to one's mind is Paracelsus, who
is “the father” of toxicology. He lived in the 15™ century and is credited with having said: “All
things are poisonous, and nothing is without poison; only the dose makes a thing not poisonous.”
This definition of a poison or a toxin remains quite up to date for substances, such as carcinogens,
mutagens, teratogens and harmful pollutants.*'! Furthermore, along with the dose, the toxic effect
can vary from one organism to another as well as the exposure time, just to name a few
parameters. Rosenbaum et. al. stated that to assess the toxicological effect of a chemical emitted
into the environment a cause-effect chain is implied, which links emissions to impacts through

three steps, the environmental fate, exposure and effects (Figure 14.1).1%

Chemical fate

‘4-‘ g5 =~
Concentration- *‘ X ; Human
response Z & exposure

nm._,

nteg

Potentiall ed
fraction of speties

- r h
1 Damageto ! 3 Damage to
, aquatic ecosystems | . human health

Figure 14.1 Proposed framework for comparative toxicity assessment.??]
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To get a first impression on the aquatic toxicity of a certain substance, short-term tests based
on Aliivibrio fischeri or Daphnia magna can be applied. For labeling compounds as
"environmentally hazardous substances (aquatic environment)" according to the Globally
Harmonized System of Classification, Labeling and Packaging of Chemicals (GHS) tests based
on fish (96 h), crustacea (48 h), algae or other aquatic plants (min. 72 h) need to be applied. One
of the first OECD accepted tests in the course of the chemical assessment of REACh is the AMES
test. It is a relatively fast test to show the mutagenic potential of a certain compound and therefore
maybe act as a carcinogen. Negative results received from the AMES test, are also mentioned in

the GHS for the germ cell mutagenicity.!*

5 Obijectives

The objective of this thesis is to synthesize and investigate unknown environmentally benign
molecules, which contain a high amount of oxygen. This potentially high energy dense oxidizers
are designed to be a possible ammonium perchlorate replacement in composite propellants. The
investigated compounds should meet several requirements, such as excellent energetic
performance parameters, as well as stable physical and chemical properties and a facile synthesis
if possible. Different energetic moieties were implemented to develop molecules with a high
oxygen content.

Even though, trinitroalkyl compounds tend to have low thermal stabilities, some general
concepts of this work are based on this unit, because the trinitromethyl moiety possess a high
oxygen balance and a high density through its intra- and intermolecular interactions. Nevertheless,
the recent most promising HEDOs are aliphatic hydrocarbons equipped with this unit. It is
possible to start with a trinitromethyl containing carbon backbone or add this moiety at the very
end. The latter attempt is preferred, in case a synthesis should be performed on a larger scale.

Whenever it is possible and reasonable, salt formation is ought to be considered. Salts provide
opportunities towards increasing the density and therefore the performance, due to the formation
of hydrogen bonds on the one hand. On the other hand, sensitive ions can be exchanged with less
sensitive or oxygen-richer ions. In this case considerable ions are:

e hydroxylammonium cation (NH;OH"; v* high performance; * not that thermally
stable)

e perchlorate anion (ClO4 ; v thermally stable, high performance; * not suitable as
ammonium perchlorate replacement),

e periodate anion (IO ; v high density; * average performance),

e nitrate anion (NOs;; v cheap and easy to access, * hygroscopic and average

performance)

9
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e dinitramide anion ([N(NO>),]; v high performance and oxygen content; ¥ higher
price and low thermal stability).
Another attempt for using anionic polynitro-compounds is based on nitrocarbamates. Just like
organic nitrates, nitrocarbamates are derived from alcohols, they form a class of energetic
materials, tending to have lower sensitivities, higher thermal stabilities and just slightly lower
performance as shown by the pentaerythritol derivatives pentaerythritol tetranitrate (PETN) and
pentaerythritol tetranitrocarbamate (PETNC).

Another strategy towards oxygen-rich CHNO compounds is based on the formation of oxygen
and nitrogen-rich heterocycles. They tend to go along with high densities, thermal stabilities and
heats of formation, but stable naturally oxygen-rich heterocycles are barely found.

According the toxicity measurements of several energetic materials, the results of the
luminescent bacteria inhibition test showed some toxicity trends of certain (energetic)
functionalities. Moreover, three very promising compounds were tested towards their mutagenic
potential in the experimental AMES test and the results were compared to in silicio obtained

values.
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Michael Addition of Trinitromethane

1.1 Abstract

The nucleophilic Michael addition of nitroform with acrylamide creates a variety of energetic
products. Several interesting compounds with a trinitromethyl group were synthesized, among
them salts containing the trinitropropylammonium cation [(NO,);CCH,CH>NH;]X. Owing to
their positive oxygen balance, the suitability of these compounds as potential high-energy dense
oxidizers (HEDOs) in energetic formulations was investigated and discussed. Furthermore,
numerous important and reactive compounds for the continuing synthesis of molecules with a
high oxygen balance are presented. All compounds were fully characterized, including
multinuclear NMR spectroscopy, vibrational analysis (IR, Raman), elemental analysis as well as
single crystal X-ray diffraction. Thermal stabilities were studied using differential scanning
calorimetry and sensitivity data against friction, impact and electrostatic discharge were collected.
The energies of formation were calculated using Gaussian 09 and energetic properties, like the
specific impulse and detonation velocity, were predicted with the EXPLOS (V6.02) computer

code.

1.2 Introduction

The trinitromethane (nitroform) unit is an important building block in the chemistry of high-
energy materials, especially in the field of high-energy dense oxidizers (HEDOs).! This
trinitromethane unit can easily be introduced by a nucleophilic addition on electron deficient a,f-
unsaturated starting materials. The so-called Michael addition is one of the most important
carbon—carbon bond forming reactions in synthetic organic chemistry. Michael donors are
substrates with acidic protons which therefore are capable of forming carbanions. This includes
anions from nitroform, fluorodinitromethane, primary nitroalkanes, and secondary nitroalkanes.™”
The electron deficient alkene in this nucleophilic addition is called the Michael acceptor and
includes a wide range of a,B-unsaturated ketones, aldehydes, carboxylic acids, esters, amides and
cyanides.”! One such example is reported in the nucleophilic addition of some polynitroalkanes to
acrolein oxime.!"! In this contribution nitroform and the readily available acrylamide are used to
build several new oxygen-rich molecules as well as energetic salts containing the

(NOz)}CCHzCHzNHyCZlﬁOI’I.
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1.3 Results and Discussion

1.3.1 Synthesis

Earlier investigations showed, that with tetranitromethane and various acrylamides, mostly
mixtures of 3-nitroisoxazoles and Michael addition products were formed.”) However the reaction
of acrylamide with nitroform resulted exclusively in the formation of the Michael addition
product 4,4 4-trinitrobutanamide (1). A similar synthesis of 1 has been reported earlier.l* 7
However, in the herein presented advanced synthesis 1 was obtained without the use of further
chemicals, as mentioned in literature procedures from readily available chemicals (Scheme
1.1).1%: 7V A further advantage is the faster conversion without heating as well as increased yields

from 64% to 97%. Due to the almost full conversion of acrylamide pure 1 without further

purification was obtained.

(0] (0] (0]
HC(NO,)3 aqg. HCI
\)J\NHZ > SZENNHZ > gszOH
N'No, 27 NO,
1 2
A SOCl, (0] (0]
BCIC(OICOICI __ O,N o NaNj » OoN N
O,N O,N 3
N02 N02
3 4
A _ O,N Nio
N N
0O, NO, 0]
5

Scheme 1.1 Synthesis of 1,1,1-trinitropropan-3-isocyanate (5) starting from acrylamide and
trinitromethane.

The acid 4,4,4-trinitrobutanoic acid (2) was prepared by hydrolysis of the amide 1 in aqueous
concentrated hydrochloric acid. The crude material was recrystallized from chloroform to obtain a
pure product in 80% yield. Due to their straightforward synthesis with high yields compounds 1
and 2 are excellent starting materials for various compounds containing the trinitromethyl
moiety.”®! The acid 2 was converted to the corresponding carbonyl chloride by refluxing in excess
thionyl chloride (Method A). The reaction time should be longer than 20 hours to ensure complete
conversion to the acid chloride and to prevent the formation of the acid anhydride.”’ 4,4,4-
Trinitrobutanoyl chloride (3) was isolated in 88% yield. A more convenient synthesis for the
carbonyl chloride 3 is the conversion of acid 2 with a stoichiometric amount of oxalyl chloride
and DMF as catalyst (Method B). Compound 3 was obtained in 96% yield while the reaction time

was reduced to 4 h.
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Reaction of compound 3 with sodium azide at ambient temperature yielded the carbonyl azide
4,4 4-trinitrobutanoyl azide (4). To obtain the azide 4 as pure colorless solid the reaction
temperature has to be kept below 30 °C during the whole synthesis and work-up procedure. Due
to its high sensitivity extreme care should be taken when working with it.

Heating the azide 4 in an organic inert solvent 1,1,1-trinitropropan-3-isocyanate (5) was
obtained via Curtius rearrangement. A much safer way for the synthesis of 5 is the subsequent in
situ conversion of 4 to the isocyanate 5 without isolation of the very sensitive azide 4. The
isocyanate 5 is a useful precursor for the synthesis of several energetic carbamates, ureas, amines

819 The chloride and nitrate salts 6a and 6b of the 3,3,3-trinitropropyl-1-ammonium

and salts.!
cation were obtained by controlled hydrolysis of 5 in diluted mineral acid (Scheme 1.2).['" The
perchlorate, dinitramide and 5,5'-azobistetrazolate salts 6¢c—e were synthesized by metathesis of
the chloride salt 6a with the corresponding silver and potassium salts, respectively (Scheme 1.2).
The salt formations of 6 proceed in high quantities with yields about 90%. The nitrate salt 6b, the
perchlorate salt 6¢, and the dinitramide salt 6d are air and moisture stable and exhibit high

positive oxygen balances Qco of +15.6% (6b), +21.7% (6¢), and +20.7% (6d).

.
O,N Neo 5> ON NH,

> X
ON Yo, 0 ONYo,

5 6

X= CI~ NO37 C|O47

n-N

= 1 \>—N N_\

' N

oNVNo, NN NG i
d e N~

Scheme 1.2 Synthesis of 3,3,3-trinitropropyl-1-ammonium (6) salts.

An interesting combination of Michael addition with Mannich condensation is the one-pot
reaction of acrylamide (1 eq.), nitroform (2 eq.) and formaldehyde (1 eq.) to give 4,4,4-trinitro-N-
(2,2,2-trinitroethyl)butanamide (7) (Scheme 1.3).1'>

o) CH,0, o)
A HONO2s  o,N NO,
NH O,N N NO
27 NO, H NO, 2

7

Scheme 1.3 Synthesis of 4,4,4-trinitro-N-(2,2,2-trinitroethyl)butanamide (7).
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Scheme 1.4 Esterification of the amide 1 to form 2,2,2-trinitroethyl-4,4,4-trinitrobutanoate (8).

An oxygen rich molecule was also prepared by the esterification of the amide 1 with the
alcohol 2,2,2-trinitroethanol. The reaction was performed in oleum as strong dehydrating agent.['”!
After recrystallization from water/methanol the ester 2,2,2-trinitroethyl-4,4,4-trinitrobutanoate (8)

was obtained as pure colorless solid (Scheme 1.4).

1.3.2 Multinuclear NMR Spectroscopy

All compounds were thoroughly characterized by 'H, '>C and "N NMR spectroscopy. In the
'H NMR spectra the two neighboring CH, groups are within the range of 3.90 to 2.52 ppm. The
methylene unit next to the trinitromethyl moiety is mostly shifted to higher field compared to the
CH, groups next to a nitrogen or oxygen atom. The vicinal coupling constants of the hydrogen
atoms in the ethylene group are not equal due to the rotation around the C—C bond, which causes
a AA'XX' spin system.!'¥ The resonances of the CH, moiety of the trinitroethyl group is observed
at lower field (4.96 ppm (7) and 5.20 ppm (8)) compared to the trinitropropyl group.

In the *C NMR spectra the carbon resonances of the two CH, groups of the trinitropropyl part
are very variable and are found in the range of 40.5 to 27.6 ppm. The carbon resonances of the
trinitromethyl moieties are observed as broadened signals. Those of the trinitropropyl unit are
located at around 128 ppm whereas the resonances of the trinitroethyl unit of compounds 7 and 8
are slightly upfield shifted to approximately 126 ppm.

In the "N NMR spectra the resonances for the nitro groups of the trinitromethyl moieties are
all quite sharp and found in the range of —13 to =31 ppm. For the ammonium moieties of the salts

6a—e resonances are observed around —355 ppm.

1.3.3 Vibrational Spectroscopy

All compounds were also characterized by IR and Raman spectroscopy. The most
characteristic frequencies in the compounds are the carbonyl and nitro groups. The characteristic
v(C=0) stretching vibration is located in a large range from 1785 to 1676 cm™'. Noticeable is the
shift of the carbonyl stretching vibrations to higher wave numbers in molecules which are
connected to electron-withdrawing moieties. The maximum is the acid chloride 3 where the
v(C=0) is located at 1785 cm™', while for the two amides 1 and 7 signals at 1695 and 1676 cm™
are observed. For the trinitromethyl units both the asymmetric v,(NO;) in the range of 1604—

1582 cm ™' and the symmetric stretching vibrations vs(NO>) at 1303—1288 cm ™' are observed. The
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antisymmetric stretching vibration of the azide moiety of compound 4 is found as characteristic

strong signal at 2148 cm™'.

1.3.4 Single Crystal Structure Analysis

Single crystals suitable for X-ray diffraction measurements were obtained by crystallization at
ambient temperature from water (1, 2, 6a, 6b, and 6d), from neat material (4) or from chloroform
(8). A full list of the crystallographic refinement parameters and structure data can be found in

Appendix Al.

Figure 1.1 X-ray molecular structure of 4,4,4-trinitrobutanamide (1). Selected atom distances (A) and
angles (deg.): C1-C2 1.502(2), C1-N1 1.540(2), C1-N2 1.538(2), C1-N3 1.521(1), C2—C3 1.524(2),
C3-C4 1.522(2), C4-N4 1.332(2), C4-07 1.237(1), N1-0O1 1.211(1), N4-H5 0.89(2), N4-H6-0.87(1),
C2-CI1-N2 114.15(9), C2—C1-N1 112.09(9), C2—C1-N3 110.49(9), H6-N4-C4-C3 —178(1), H5-N4—
C4-07 —177(1), N4-C4-C3-C2 —157.3(1), C3—-C2—C1-N1 —175.87(9).

The amide 1 crystallizes in the triclinic space group P—1 with one molecule as asymmetric
unit. The density is 1.835g cm™ and the molecular structure is shown in Figure 1.1. The
geometry of the structure has some very typical characteristics of trinitromethyl compounds. >
The C-N bond lengths in the trinitromethyl moiety are in the range of 1.54 A, which is
significantly longer than a regular C-N bond (1.47 A) and results from steric repulsion of the
proportionally large nitro groups.'?! As expected, the amide unit is nearly planar and shows a
shortened C—N bond.

The acid 2 crystallizes in the monoclinic space group P2;/n and is shown in Figure 1.2. The
quite low density of 1.720 g cm ™ can be explained by the strong hydrogen bonds which are
formed between two carbonyl moieties with a donor acceptor distance of 2.632 A (O8-H8:--07)
and a donor acceptor angle of 176.5° (O8-HS8---07).l"*) In this structure another characteristic
structure feature, the propeller-like arrangement of the trinitromethyl group can be observed. The
three nitro groups are organized around the carbon in a propeller-like geometry to optimize the
non-bonded N---O intramolecular attractions (N2---O02, O5---N1, N3---O4). This results in an
intramolecular interaction between the partial positive charged nitrogen and the negative charged

oxygen in the nitro group. These N---O attractions are found with distances in the range of
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2.55 A, which are much shorter than the sum of the van der Waals radii of nitrogen and oxygen
(3.07 A).le1el

() H8

05

Figure 1.2 X-ray molecular structure of 4,4,4-trinitrobutanoic acid (2). Selected atom distances (A) and
angles (deg.): C1-N1 1.523(2), C2—C3 1.528(2), C3—C4 1.509(2), C3-H3 0.99(2), C4-07 1.218(2),
C4-08 1.311(2), N1-0O1 1.216(1), O8-H5 0.86(2), C2—C1-N1 115.2(1), H5-08-C4-C3 —175(1), O8—
C4-C3-C2 179.0(1), C4-C3-C2-C1 —158.4(1), C3—C2—-C1-N2 178.3(1), N2-02 2.557(2), O5-NI1
2.571(1), N3-04 2.550(2).

The carbonyl azide 4 crystallizes in the triclinic space group P—1 with one molecule as an
asymmetric unit and shows the propeller-like geometry of the trinitromethyl group. The molecular
structure is shown in Figure 1.3. The azide, the carbonyl and the carbon backbone inclusively,
shows a nearly planar arrangement which is shown by the torsion angle of 1.2(2)° (N5-N4-C4—
07). Typical for carbonyl azides is the slight bending of the azide moiety with an angle of 174.2°.
The N4-N5 and N5-N6 bond lengths (1.273(3) and 1.121(3) A, respectively) are comparable

with those in other carbonyl azides.!'”!

Figure 1.3 X-ray molecular structure of 4,4,4-trinitrobutanoyl azide (4). Selected atom distances (A)
and angles (deg.): C1-C2 1.512(2), C1-N1 1.532(2), C2-C3 1.528(3), C3—C4 1.503(2), C4-N4
1.409(2), C4-0O7 1.205(2), N4-N5 1.273(2), N5-N6 1.112(2), C2—C1-N3 114.4(1), C4-N4-N5
111.5(1), N4-N5-N6 174.2(2), N6-N5-N4-C4 —176(1), N5-N4-C4-07 1.2(2), N4-C4-C3-C2
—175.0(1), C4-C3—C2-C1 178.0(1), O2-N2 2.573(2), N1-05 2.577(2), O4-N3 2.541(1).

The chloride salt 6a crystallizes as a monohydrate in the triclinic space group P—1 and a
density of 1.733 g cm . The asymmetric unit is shown in Figure 1.4. The conformation of the C1,

C2, C3 and N4 atoms is almost perfectly staggered. The extended structure involves secondary
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interactions in terms of classical intermolecular N-H:---O hydrogen bonds and unusual so-called

non-classical hydrogen bonds of the type C—H---O. The majority are classified as quite strong.!"")

Ci

Figure 1.4 X-ray molecular structure of 3,3,3-trinitropropyl-1-ammonium chloride (6a). Selected atom
distances (A) and angles (deg.): C1-C2 1.507(2), C1-N1 1.522(2), C2-C3 1.533(2), C3-N4 1.491(2),
N1-O1 1.217(1), N4-H6 0.89(2), N4-H7 0.88(2), N4-HS8 0.88(2), C2-C1-N3 114.5(1), C3-N4-H7
111(1), C3-N4-H8 107(1), C3—-N4-H6 109(1), H7-N4-C3-C2 —178(1), N4-C3—-C2-C1 —160.1(1),
O5-N2 2.582(2), O1-N3 2.555(2), N1-03 2.545(2).

09

N5

08

Figure 1.5 X-ray molecular structure of 3,3,3-trinitropropyl-1-ammonium nitrate (6b). Selected atom
distances (A) and angles (deg.): C1-C2 1.512(2), C1-N1 1.529(2), C2-C3 1.526(2), C3-N4 1.492(2),
N1-01 1.223(2), N5-07 1.269(2), N5-08 1.233(2), N5-09 1.266(2), N4-C3-C2—C1 —173.7(1), C3-
C2-C1-N2 175.8(1), H6-N4-C3—C2 170(1), O8-N5-07-09 179.7(3), O5-N2 2.581(2), O2-N3
2.587(2), N1-03 2.530(2).

The nitrate salt 6b crystallizes in the orthorhombic space group P2:2:2; with a density of

1.804 g cm™. The asymmetric unit consists of one anion and cation and is illustrated in Figure

1.5. The protonated form of the 3,3,3-trinitropropan-1-amine shows the same structure

characteristics as the hydrochloric salt 6a.
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Figure 1.6 X-ray molecular structure of 3,3,3-trinitropropyl-1-ammonium dinitramide (6d). Selected
atom distances (A) and angles (deg.): O7-N6 1.216(2), O8-N6 1.209(2), N5-C4 1.484(2), N6-C6
1.529(3), N7-C6 1.523(2), N8-C6 1.528(2), C4-C5 1.530(2), C5-C6 1.505(2), O13-N9 1.220(2),
O14-N9 1.239(2), O15-N11 1.233(2), O16-N11 1.243(2), N9-N10 1.380(2), N10-N11 1.357(2), O13-
NO9-N10 124.2(1), O14-N9-N10 111.7(1), N9-N10-N11 115.4(1), O15-N11-N10 124.7(1), Ol6—
N1I-N10 112.8(1), O13-N9-N10-N11 -20.8(2).

The molecular structure of the dinitramide salt 6d is shown in Figure 1.6. Compound 6d
crystallizes in the monoclinic space group P—1 with two anions and two cations as asymmetric
unit and a density of 1.872 g cm™. The 3,3,3-trinitropropyl-1-ammonium cation shows similar
structural features as the ionic structures discussed before. The nitro groups of the dinitramide
moiety are slightly twisted out of plane with torsion angles about 20°. The N-N bond lengths with
an average distance of 1.37 A are also slightly shorter than common N—N single bonds.

The ester 8 crystallizes in the monoclinic space group P2i/n with four formula units per unit
cell. The asymmetric unit consists of one molecule and is displayed in Figure 1.7. The average of
the N-O and C-NO; bond lengths of the trinitromethyl units are all in the same range of 1.21 A in
N-O and 1.52 A in C-NO, whereas no distinction between the ethyl and propyl moiety is visible.
Also, both trinitromethyl groups show independently the propeller-like orientation of the nitro
groups. Also, the carbon-carbon bonds are virtually identical within a range of 1.50 to 1.52 A.
Although no classical hydrogen bonds are found in the crystal structure a high density is
1.869 g cm ™ was observed. However, non-classical hydrogen bonds of the type C—H---O are

found, whereas the majority is classified as quite strong.!"*!
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Figure 1.7 X-ray molecular structure of 2,2,2-trinitroethyl-4,4,4-trinitrobutanoate (8). Selected atom
distances (A) and angles (deg.): C1-C2 1.515(2), C1-N1 1.528(2), C2-C3 1.514(2), C3-C4 1.497(2),
C4-07 1.200(2), C4-08 1.363(2), C5-C6 1.520(2), C5-08 1.424(2), C6-N4 1.525(2), N1-0O1
1.222(1), N4-09 1.213(2), N2-C1-C2-C3 161.5(1), CI-C2-C3-C4 169.4(1), C3-C4-08-C5
—175.6(1), C4-08-C5-C6 131.7(1), O8—C5-C6-N5 160.2(1), N3-03 2.558(2), O6-N1 2.567(2), N2—
02 2.534(1), N4-0O11 2.608(2), N5-013 2.583(2), O9-N6 2.557(1).

1.3.5 Thermal Stabilities and Energetic Properties

Compounds 1, 2, 6a—e, 7, and 8 were stable when exposed to air and moisture. The azide 4 has
to be handled very carefully, owning to its high sensitivity towards heat. Reactions of the
isocyanate 5 must be carried out with exclusion of moisture. Furthermore, it should be stored
frozen and is not longtime stable, due to rapid polymerization. The thermal stabilities of all
compounds were investigated by performing various DSC measurements with a heating rate of
5°C min'. The temperatures at which melting and decomposition occurred are shown in Table
1.1 together with other physical properties. A remarkably high decomposition point of 178 °C
was observed for compound 6a, likely owing to its stability to form strong hydrogen bonds
through the salt structure. Moreover, compounds 7 and 8 (both 155 °C) showed satisfying
decomposition points for applications as high-energy dense oxidizers based on CHNO
compounds. The sensitivities of compounds 2—-8 towards impact, friction, and electrostatic
discharge were experimentally determined according to the NATO Standardization
Agreements;''® the results are displayed in Table 1.1. All compounds, with exception of the azide
4, the dinitramide salt 6d, and the 5,5’-azobistetrazolate salt 6e showed moderate impact and
friction sensitivities.!'” For the amide 1 as well as the nitrate salt 6b impact sensitivities of 6 J are
found, which are in the range of the well-known explosive Hexogen (RDX).

Predictions of the detonation and combustion parameters by using the EXPLO5 V6.02% code
have been performed based on the heats of formations which were obtained from ab initio
calculations. The energetic parameters were calculated with the room temperature densities,
which were measured experimentally by gas pycnometer. The resulting heats of detonation Q.,
detonation temperatures Tex, detonation pressures p, and detonation velocities Vgee for compounds
1, 2, 4, and 6-8 are shown in Table 1.2. The dinitramide salt 6d has the highest detonation
parameters with a detonation velocity Vg of 9282 m s~ and a detonation pressure of 372 kbar and

exceeds the high military explosive RDX (8838 m s™') by far.!*"!
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The specific impulses Iy of compounds 1, 2, 4, and 6-8 were calculated for the neat
compounds, for compositions with different amounts of aluminum as fuel, and additional with
binder and are also listed in Table 1.2. These impulses were compared with the calculated
impulses of ammonium perchlorate (AP) in an analogous composition. The chosen mixture with
AP as an oxidizer provided a specific impulse of 261 s. All compounds show good properties,
especially when calculated without binder. The value for the specific impulse of the 5,5’-
azobistetrazolate salt 6e exceeds all others; for the neat compound it is calculated to 271 s, with an
admixture of 10% aluminum as fuel 282 s could be achieved (Table 1.2). For the nitrate and
dinitramide salts 6b and 6d remarkable high specific impulses of 278 s were reached in
compositions containing 85% oxidizer and 15% fuel. In composites containing oxidizer, fuel and
binder the specific impulses decrease slightly. The best specific impulse is obtained for the
dinitramide salt 6d with a calculated value of 275 s in a composite propellant consisting of 15%
aluminum and 14% binder. However, also the specific impulses of the nitrate and perchlorate salts
6b and 6¢ with values of 270 (6b) and 272 s (6¢) exceed the specific impulse of the standard
optimized mixture of AP (261 s).
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Table 1.1 Physical properties of the compounds 1, 2, 4, 6a—e, 7, and 8 in comparison to AP.

1 2 4 6a 6b 6¢ 6d 6e 7 8 AP
Formula C4HgN,4O; C4H5N305 CiHiNGO;  CHiNGOGCl  C3HiNsOy  C3HoNJOoCl CsHjN;Ojp CsHuNigOn CeHgNgOws CeHyN:O13 NH4CIO4
MW [g mol™'] 222.11 223.10 248.11 230.56 257.12 294.56 301.13 554.31 385.16 386.14 117.49
Density RT [ 1.78 1.67 1.71 1.76 1.77 1.97 1.84 1.67 1.83 1.84 1.95
T [°C]) 93 55 22 161 135 - - - 92 150 -
Tyec [°C]1) 120 176 85 178 138 164 112 120 155 155 240
IS [J]14 6 40 2 20 6 2.5 2 2 30 10 15
FS [N]te] 360 324 144 >360 120 16 30 54 240 240 >360
ESD [J]10 0.50 0.30 0.10 0.40 0.20 0.08 0.40 0.60 0.10 0.20 >1.50
N [%]e 252 18.8 33.9 24.3 272 19.0 32.6 54.6 21.8 25.5 11.9
O [%]™ 50.4 57.4 45.1 41.6 56.0 54.3 53.1 26.7 58.0 54.0 54.5
N+ 0 [%]t 75.6 76.2 79.0 65.9 83.2 73.3 85.7 81.3 79.8 79.5 66.4
Qco [%]1 0.0 +10.1 +6.5 0.0 +15.6 +21.7 +18.6 -11.1 +20.7 +14.5 +34.6
Qcor [%o] -28.1 -17.9 -19.4 2.4 -3.1 +5.4 +2.7 -33.4 —4.1 -10.4 +34.6
AH°¢ [kJ mol '] -326 —506 54 —96 -169 -119 32 972 —466 -330 —296
AU [kJ kg 111 -1374 -2178 301 -318 —554 -312 205 1851 -1124 ~770 —2433

[a] Densities at RT measured by gas pycnometer. [b] Onset melting 7 and [c] onset decomposition point Tu from DSC measurement carried out at a heating rate of 5 °C min™'. [d] Impact sensitivity. [e]
Friction sensitivity. [f] Sensitivity toward electrostatic discharge. [g] Nitrogen content. [h] Oxygen content. [i] Sum of nitrogen and oxygen content. [j] Oxygen balance assuming the formation of CO and the
formation of [j] COz at the combustion. [k] Enthalpy and [1] energy of formation calculated by the CBS-4M method using Gaussian 09.
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Table 1.2 Calculated detonation and combustion parameters of compound 1, 2, 4, 6a—e, 7, and 8 (using EXPLO5 V6.02)2%] in comparison to AP.

Michael Addition of Trinitromethane

1 2 4 6a 6b 6¢ 6d 6e 7 8 AP
Formula C4HeN,O; C4HsN;05 CiHiNGO;  C3HN4O4CI CHNsOy  CiHN,O1Cl  C3HoN7Oje CsHuNisOn CoHgNeOns  CoHN,Op3 NHLCIO4
0, [KJ kg ']l ~4956 ~4786 ~5607 ~5281 —6697 ~6250 ~6671 —6212 —6121 ~5820 ~1422
Ty [K]) 3383 3505 4071 3793 4319 4309 4382 4141 4277 4009 1735
Vo [L kg ]l 733 731 759 744 821 787 828 814 719 718 885
Pcy [kbar]i4! 292 246 291 282 335 390 372 299 324 335 158
Vier [m 57101 8187 7624 8259 8019 8913 9096 9282 8541 8616 8628 6368
Iy [s]0 238 241 261 255 274 265 274 271 258 262 157
Iy [s] (5% Alyie) 248 248 266 261 276 268 276 278 261 264 198
Iy [s] (10% Al)iel 256 253 269 267 277 270 277 282 262 266 224
Iy [s] (15% Al)iel 261 256 270 269 278 270 278 276 263 267 235
Iy [s] (20% Al)iel 262 258 265 267 276 270 277 270 263 267 244
Iy [s] (25% Al)iel 251 256 252 265 275 269 276 258 262 264 247
’bsipnﬁir()fhj“ Al 14% 216 215 237 230 258 264 266 249 242 239 250
’bsipnﬁir()l[%% Al 14% 232 229 248 243 264 269 272 256 251 248 257
L [s1 (15% Al 14% 244 241 247 247 270 272 275 254 255 253 261

binder)

[a] Heat of detonation. [b] Detonation temperature. [c] Volume of gaseous products. [d] Detonation pressure. [¢] Detonation velocity calculated by using the EXPLOS (Version 6.02) program package.* [f]
Specific impulse of the neat compound using the EXPLOS (Version 6.02) program package (70.0 bar chamber pressure, initial temperature 3700 K, ambient pressure 1.0 bar, equilibrium expansion
conditions).?® [g] Specific impulse for compositions with different amounts of aluminum using the EXPLOS (Version 6.02) program package (70.0 bar chamber pressure, initial temperature 3700 K, ambient
pressure 1.0 bar, equilibrium expansion conditions).?®. [h] Specific impulse for compositions with different amounts of oxidizer/compound and aluminum, and 14% binder (6% polybutadiene acrylic acid,
6% polybutadiene acrylonitrile and 2% bisphenol A ether) using the EXPLO5 (Version 6.02) program package (70.0 bar chamber pressure, initial temperature 3700 K, ambient pressure 1.0 bar, equilibrium
expansion conditions).%!
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1.4 Conclusion

Based on the Michael addition of nitroform with acrylamide several energetic polynitro
compounds with a positive oxygen balance were synthesized. Although several synthesis steps are
needed for most compounds presented herein, only common commercially available chemicals
are used and syntheses proceed in high yields. All of the compounds were comprehensively
characterized. Several salts containing the 3,3,3-trinitropropylammonium cation were investigated
in terms of their energetic properties. Excellent detonation parameters were found for the
dinitramide salt 6d with a detonation velocity of 9282m s' and a detonation pressure of
372 kbar. These values are significantly higher than those of TNT, RDX, and PETN.?Y With
respect to an application as high-energy dense oxidizer in composite solid rocket propellants, the
best value was obtained for the 5,5’-bisazotetrazolate salt 6e; in a mixture comprised of 85%
oxidizer and 15% fuel a calculated specific impulse of 282 s was reached. In composites
consisting of oxidizer, fuel and binder best values were obtained for the nitrate salt 6b (270 s), the
perchlorate salt 6¢ (272 s) and the dinitramide salt 6d (275 s). All of these exceed the specific
impulse of AP in a similar composition (261 s). However, the perchlorate salt 6¢, the dinitramide
salt 6d, and the 5,5’-bisazotetrazolate salt 6e show low thermal stabilities and/or high sensitivities

to external stimuli and therefore likely will be less considered for practical use.

1.5 Experimental Section

1.5.1 General Information

Chemicals were were used as supplied (Sigma-Aldrich, Fluka, Acros Organics). Raman
spectra were recorded in a glass tube with a Bruker MultiRAM FT-Raman spectrometer with
Nd:YAG laser excitation up to 1000 mW (at 1064 nm) in the range between 400 and 4000 cm™'.
Infrared spectra were measured with a Perkin—Elmer Spectrum BX-FTIR spectrometer equipped
with a Smiths DuraSamplIR II ATR device. All spectra were recorded at ambient (20 °C)
temperature. NMR spectra were recorded with a JEOL Eclipse 400 instrument and Bruker AV400
and chemical shifts were determined with respect to external standards MesSi (‘H, 399.8 MHz;
3C, 100.5 MHz), MeNO, ("N, 28.9 MHz; "N 40.6 MHz), and 1.0 M aqueous NaCl (*°Cl,
39.2 MHz). Mass spectrometric data were obtained with a JEOL MStation JMS 700 spectrometer
(DCI+, DEI+). Analysis of C/H/N were performed with an Elemental Vario EL Analyzer.
Melting and decomposition points were measured with a Perkin-Elmer Pyris6 DSC and an OZM
Research DTA 552-Ex with a heating rate of 5 °C min' in a temperature range of 15 to 400 °C
and checked by a Biichi Melting Point B-540 apparatus (not corrected).
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1.5.2 X-ray Crystallography

The low-temperature single-crystal X-ray diffraction of compounds 1, 2, 4, 6a, 6b, 6d, and 8
were performed on an Oxford XCalibur3 diffractometer equipped with a Spellman generator
(voltage 50kV, current 40 mA) and a KappaCCD detector operating with MoKa radiation
(L=0.7107 A). Data collection was performed using the CRYSALIS CCD software.[*! The data
reduction was carried out using the CRYSALIS RED software.”) The solution of the structure
was performed by direct methods (SIR97)?* and refined by full-matrix least-squares on F°
(SHELXL)™! implemented in the WINGX software package ! and finally checked with the
PLATON software.””? All non-hydrogen atoms were refined anisotropically. The hydrogen atom
positions were located in a difference Fourier map. ORTEP plots are shown with thermal
ellipsoids at the 50% probability level. Crystallopraphic data (excluding structure factors) for the
structures reported in this paper have been deposited at the Cambridge Crystallographic Data
Centre 1506284-1506290 (1, 2, 4, 6a, 6b, 6d, and 8) Additional crystallographic data and

structure refinement parameters are listed in the Appendix Al.

1.5.3 Computational Details

All ab initio calculations were carried out using the program package Gaussian 09 (Rev.
A.03) and visualized by GaussView 5.08.1*! The initial geometries of the structures were taken
from the corresponding experimentally determined crystal structures. Structure optimizations and
frequency analyses were performed with Becke's B3 three parameter hybrid functional using the
LYP correlation functional (B3LYP). For C, H, N and O a correlation consistent polarized
double-¢ basis set was used (cc-pVDZ). The structures were optimized with symmetry constraints
and the energy is corrected with the zero point vibrational energy."*”! The enthalpies (/) and free
energies (G) were calculated using the complete basis set (CBS) method in order to obtain
accurate values. The CBS models use the known asymptotic convergence of pair natural orbital
expressions to extrapolate from calculations using a finite basis set to the estimated complete
basis set limit. CBS-4 starts with a HF/3-21G(d) geometry optimization, which is the initial guess
for the following SCF calculation as a base energy and a final MP2/6-31+G calculation with a
CBS extrapolation to correct the energy in second order. The used CBS-4M method additionally
implements a MP4(SDQ)/6-31+(d,p) calculation to approximate higher order contributions and
also includes some additional empirical corrections.’'! The enthalpies of the gas-phase species
were estimated according to the atomization energy method."*?! The liquid (solid) state energies of
formation (AH:®) were estimated by subtracting the gas-phase enthalpies with the corresponding
enthalpy of vaporization (sublimation) obtained by Trouton’s rule.”*! All calculations affecting
the detonation parameters were carried out using the program package EXPLOS V6.02 (EOS
BKWG-S).?” The detonation parameters were calculated at the Chapman—Jouguet (CJ) point
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with the aid of the steady-state detonation model using a modified Becker—Kistiakowski—Wilson
equation of state for modeling the system. The CJ point is found from the Hugoniot curve of the
system by its first derivative. The specific impulses Iy, were also calculated with the program
package EXPLOS V6.02 program, assuming an isobaric combustion of a composition of an
oxidizer, aluminum as fuel, 6% polybutadiene acrylic acid, 6% polybutadiene acrylonitrile as

2021 ° A chamber pressure of 70.0 bar, an initial

binder and 2% bisphenol A as epoxy curing agent!
temperature of 3300 K and an ambient pressure of 1.0 bar with equilibrium expansion conditions

were estimated for the calculations.

1.5.4 Synthesis

CAUTION! All prepared compounds are energetic materials with sensitivity toward heat,
impact, and friction. No hazards occurred during the preparation and manipulation. However,
additional proper protective precautions (face shield, leather coat, earthed equipment and shoes,

Kevlar® gloves, and ear plugs) should be used when undertaking work with these compounds.

4,4,4-Trinitrobutanamide (1)

An aqueous solution of nitroform (30%, 22.6 g, 45 mmol) was cooled in an ice-bath and
acrylamide (3.2 g, 45 mmol) was added. The mixture was stirred 10 minutes at this temperature
and 5 h at ambient temperature. The formed precipitate was filtered off and washed several times
with cold ethanol and diethyl ether. After drying on air pure 4,4,4-trinitrobutanamide (1) was
obtained as colorless solid in 97% yield.

DSC (5 °C min™"): 93 °C (mp.), 120 °C (dec.). IR (ATR): v = 3475 (m), 3368 (w), 3310 (W),
3192 (w), 3010 (w), 2948 (w), 2360 (w), 2340 (w), 1695 (m), 1595 (s), 1567 (vs), 1418 (m), 1364
(W), 1344 (m), 1311 (m), 1299 (m), 1288 (s), 1217 (w), 1155 (w), 1116 (w), 878 (w), 856 (W),
816 (m), 798 (s), 776 (w), 747 (w), 637 (w) cm'. Raman (500 mW): v = 3009 (41), 2969 (24),
2938 (78), 1679 (17), 1615 (29), 1599 (43), 1575 (11), 1433 (16), 1417 (43), 1367 (43), 1348
(26), 1307 (31), 1125 (24), 1066 (13),1055 (14), 967 (13), 904 (12), 881 (43), 858 (60), 811 (20),
546 (18), 441 (71), 390 (100), 364 (73), 312 (69), 274 (17), 208 (66) cm™'. "TH NMR ([Ds]DMSO)
0=17.48 (s, 1H, NH,), 7.09 (s, 1H, NH,), 3.59 (m, 2H, CH>C(NO>)3), 2.52 (m, 2H, OCCH>) ppm.
BC NMR ([D6]DMSO0) 6 = 170.7 (CO), 131.7 (C(NO»)s), 29.1 (CH>), 29.0 (CH>) ppm. N NMR
([D6]DMSO0) § = —28 (C(NO2)3) ppm. MS (DEI+) m/e: 223.2 [(M+H)]. Elemental analysis
C4sHeN4O7 (222.11): calc. C 21.63, H 2.72, N 25.22%; found C 21.65, H 2.65, N 25.05%. IS: 6 J
(grain size 250-500 pm). FS: 360 N (grain size 250-500 pm). ESD: >0.5 J (grain size 250-500

um).
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4,4,4-Trinitrobutanoic acid (2)

4,4 4-trinitrobutanamide (1) (2.0 g, 9.0 mmol) was added to concentrated hydrochloric acid
(37%, 8 mL) and refluxed for 4 hours. The oily layer which formed solidified after standing
overnight at 4 °C. The solid was filtered off and recrystallized from chloroform. After drying in
the desiccator 4,4,4-trinitrobutanoic acid (2) was obtain as pure colorless product in 70% yield.

DSC (5 °C min"): 55 °C (mp.), 167 °C (dec.). IR (ATR): v = 3006 (w), 2958 (w), 2880 (W),
2730 (w), 2651 (w), 2527 (w), 1709 (s), 1587 (vs), 1440 (m), 1425 (m), 1312 (s), 1297 (s), 1237
(s), 1153 (m), 1070 (m), 928 (m), 906 (m), 816 (s), 798 (vs), 665 (m). cm'. Raman (500 mW): v
=3006 (8), 2987 (11), 2956 (89), 1652 (10), 1605 (33), 1454 (9), 1418 (46), 1380 (25), 1359 (22),
1312 (31), 1226 (8), 1154 (13), 1071 (21), 982 (21), 908 (42), 857 (101), 802 (8), 655 (11), 628
(9), 546 (7), 484 (11), 412 (56), 402 (58), 377 (91), 313 (35), 275 (9) cm™'. 'H NMR
([D6Jacetone) 6 = 3.71 (m, 2H, CH.C(NO)), 2.89 (m, 2H, OCCH,) ppm. “C NMR
([D6]acetone) 6 = 170.4 (CO), 126.3 (C(NO»)s), 29.2 (CH), 27.6 (CHz) ppm. “N NMR
([D6]acetone) 6 = —29 (C(NO»);) ppm. MS (DCI+) m/e: 224.1 [(M+H)']. Elemental analysis
C4HsN305 (223.10): cale. C 21.53, H 2.26, N 18.83%; found C 21.39, H 2.24, N 18.70%. 1S: 40 J
(grain size 250-500 um). friction tester: 324 N (grain size 250-500 um). ESD: >0.5 J (grain size
250-500 pm).

4,4,4-Trinitrobutanoyl chloride (3)

Method A:

A mixture of 4,4,4-trinitrobutanoic acid (2) (6.7 g, 30.0 mmol) and thionyl chloride (16.7 mL,
200 mol) was stirred at room temperature for one hour. After this the reaction mixture was
refluxed for 24 hours under exclusion of moisture. The excess of thionyl chloride was removed
and the remaining oil was distilled (bp. 65 °C, 0.7 mbar) yielding 4,4,4-trinitrobutanoyl chloride
as colorless pure product (88%).

Method B:

Oxalyl chloride (326 mg, 2.6 mmol) and a catalytical amount of DMF were added to a
suspension of 4.,4,4-trinitrobutanoic acid (2) (500 mg, 2.2 mmol) in chloroform (10 mL). The
reaction mixture was stirred under exclusion of moisture at ambient temperature for 40 min and
was refluxed for 3 h. The solvent was removed under reduced pressure yielding 4,4,4-
trinitrobutanoyl chloride (3) in 96% yield as pure colorless oil.

IR (ATR): v = 2997 (w), 2957 (w), 2892 (w), 1785 (s), 1585 (vs), 1425 (m), 1411 (w), 1356
(W), 1294 (s), 1216 (w), 1153 (w), 1062 (w), 996 (m), 943 (s), 857 (m), 799 (s), 780 (s), 693 (m)
cm . Raman (400 mW): v = 2950 (51), 1792 (16), 1608 (25), 1414 (24), 1381 (22), 1358 (35),
1304 (30), 1224 (11), 1155 (15), 1065 (26), 998 (13), 948 (15), 905 (17), 858 (102), 784 (21), 694
(19), 635 (17), 532 (20), 456 (58), 396 (44), 374 (65), 275 (50), 233 (31) cm". '"H NMR (CDCl5)
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6 = 3.38 (m, 4H, OCCH,, CH,C(NO);) ppm. *C NMR (CDCl;) 6 = 171.1 (CO), 127.9
(C(NO»)3), 40.5 (OCCHa), 29.4 (CH2(NO»)3) ppm. "N NMR (CDCl3) § = =31 (C(NO»)3) ppm.
MS (DEI+) m/e: 206.1 [(M—CI1)']. Elemental analysis C4HsN;0,Cl (241.54): calc. C 19.89, H
1.67, N 17.40%; found C 19.75, H 1.68, N, 17.80%.

4,4,4-Trinitrobutanoyl azide (4)

To a solution of sodium azide (0.31 g, 4.8 mmol) in water (2 mL) a solution of 4,4,4-
trinitrobutanoyl chloride (3) (0.59 g, 2.4 mmol) in acetone (1 mL) was added slowly at 4 °C. After
the addition the solution was stirred at 0 °C for two hours. The reaction mixture was extracted
with chloroform (3 x 20 mL). The combined organic phases were washed with ice-water (20 mL),
an ice-cold sodium bisulfate solution (5%, 20 mL), ice-water (2 x 20 mL) and brine (20 mL). The
extracts were dried over magnesium sulfate and the organic solvent was removed at temperatures
below 20 °C. The remaining oil solidified in the refrigerator over-night and 4,4,4-trinitrobutanoyl
azide (4) was obtained as pure colorless solid in 66% yield.

DSC (5 °C min"): 22 °C (mp.), 85 °C (dec.). IR (ATR): v = 3000 (w), 2956 (w), 2893 (w),
2148 (s), 1711 (s), 1585 (vs), 1427 (m), 1359 (m), 1296 (s), 1153 (vs), 1098 (s), 1047 (s), 967
(W), 908 (W), 855 (s), 800 (vs), 704 (m) cm'. Raman (500 mW): v = 2947 (71), 2156 (26), 2147
(26), 1716 (22), 1608 (26), 1419 (26), 1360 (36), 1305 (30), 1151 (9), 1101 (16), 1050 (14), 968
(12), 910 (31), 857 (101), 788 (10), 669 (26), 543 (9), 502 (29), 373 (69), 279 (39), 262 (36) cm .
'H NMR (CDCl;) 6 = 3.38 (m, 2H, CH>,C(NO,)s3), 2.78 (m, 2H, OCCH,) ppm. *C NMR (CDCl;)
6 = 176.2 (CO), 128.6 (C(NO,)3), 30.6 (CHa), 29.3 (CH,) ppm. "N NMR (CDCls) § = 30
(C(NO»)3), =136 (Np), —147 (Ny) ppm. Elemental analysis CsHisNgO7 (248.11): calc. C 19.36, H
1.62, N 33.87%; found C 19.89, H 1.65, N 33.54%. IS: 2 J (grain size 250—500 um). FS: 144 N
(grain size 250-500 pm). ESD 0.3 J (grain size 250—500 um).

1,1,1-Trinitropropan-3-isocyanate (5)

To a solution of sodium azide (0.31 g, 4.8 mmol) in water (2 mL) a solution of 4,4,4-
trinitrobutanoyl chloride (3) (0.59 g, 2.4 mmol) in acetone (1 mL) was added slowly at 4 °C. After
the addition the solution was stirred at 0 °C for two hours. The reaction mixture was extracted
with chloroform (3 x 20 mL). The combined organic phases were washed with ice-water (20 mL),
an ice-cold sodium bisulfate solution (5%, 20 mL), ice-water (2 x 20 mL) and brine (20 mL). The
extracts were dried over magnesium sulfate. The solution was slowly heated up to 55 °C and kept
at this temperature until no more nitrogen evolved (2 h). The organic solvent was removed to
obtain 1,1,1-trinitropropan-3-isocyanate (5) as colorless liquid in 68% yield.

Raman (500 mW): v = 2953 (70), 2156 (13), 2147 (13), 1718 (11), 1610 (24), 1451 (18), 1421
(22), 1363 (37), 1304 (30), 1100 (10), 1051 (13), 914 (20), 887 (12), 856 (100), 811 (10), 535
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(10), 502 (16), 460 (10), 375 (68), 305 (17), 279 (22), 254 (20) cm™'. '"H NMR (CDCl3) 6 = 3.90
(m, 2H, CH,), 3.32 (m, 2H, CH) ppm. *C NMR (CDCl;) § = 127.4 (C(NO»)3), 123.6 (NCO),
37.4 (CH»), 35.0 (CH;) ppm. “N NMR (CDCl;) § = —31 (C(NO);), =360 (NCO) ppm.
Elemental analysis C4sHsN4O7 (220.10): calc. C 21.83, H 1.83, N 25.46%; found C 21.31, H 1.80,
N 26.07%.

3,3,3-Trinitropropyl-1-ammonium chloride (6a)

1,1,1-Trinitropropan-3-isocyanate (5) (1.10 g, 5.0 mmol) was refluxed in hydrochloric acid
(6 M, 10 mL) for five hours. The solution was concentrated to dryness and the colorless solid was
washed with 1,2-dichloroethane. 3,3,3-Trinitropropyl-1-ammonium chloride (6a) was yielded as
colorless solid in 90% yield.

DSC (5 °C min™"): 161 °C (mp.), 178 °C (dec.). IR (ATR): v = 2974 (m), 2884 (m), 2660 (W),
2497 (w), 2305 (w), 1989 (w), 1588 (vs), 1501 (m), 1483 (m), 1458 (m), 1417 (w), 1365 (w),
1292 (s), 1160 (m), 1062 (w), 1032 (w), 995 (w), 931 (w), 911 (w), 855 (w), 846 (w), 836 (w),
796 (s), 768 (w), 734 (w) cm . Raman (300 mW): v = 3068 (11), 3022 (18), 2998 (40), 2976
(58), 2938 (68), 2913 (25), 2904 (24), 2878 (18), 2859 (44), 2804 (12), 2083 (7), 1610 (37), 1580
(8), 1548 (17), 1491 (10), 1478 (9), 1460 (17), 1423 (21), 1396 (7), 1367 (39), 1300 (33), 1168
(19), 1119 (6), 1065 (8), 1031 (9), 999 (15), 970 (9), 931 (8), 901 (16), 858 (100), 802 (8), 654
(6), 633 (7), 569 (9), 516 (6), 457 (9), 402 (50), 374 (56), 341 (29), 302 (7) cm™'. '"H NMR
([Ds]DMSO) 6 = 8.63 (br, 3H, N/H3), 3.82 (m, 2H, CH>), 3.19 (m, 2H, CH,) ppm. *C NMR
([Ds]DMSO) 6 = 128.8 (C(NO2)3), 33.4 (CH>), 30.3 (CH>) ppm. “N NMR ([Ds]DMSO) § = -31
(NO,), =356 (NH3) ppm. Elemental analysis C;HoN4O; (230.56): calc. C 15.63, H 3.06, N
24.30%; found C 16.09, H 3.06, N 24.30%. IS: 20 J (grain size 100-250 um). FS: 360 N (grain
size 100-250 um). ESD >0.5 J (grain size 100-250 um).

3,3,3-Trinitropropyl-1-ammonium nitrate (6b)

1,1,1-Trinitropropan-3-isocyanate (5) (1.10 g, 5.0 mmol) was refluxed in nitric acid (6 M,
10 mL) for five hours. The solution was concentrated to dryness to give a yellow powder.
Recrystallization from ethyl acetate yielded 3,3,3-trinitropropyl-1-ammonium nitrate (6b) as
colorless solid in 89% yield.

DSC (5 °C min™"): 135 °C (mp.), 138 °C (dec.). IR (ATR): v = 3120 (m), 3070 (m), 3032 (m),
2977 (m), 2889 (m), 2840 (m), 2763 (w), 2716 (w), 2666 (w), 2588 (w), 2503 (w), 1604 (s), 1506
(w), 1479 (w), 1460 (m), 1425 (w), 1303 (m), 1040 (w), 996 (w), 972 (w), 934 (w), 875 (w), 850
(w), 806 (m), 799 (w), 766 (w), 735 (w), 680 (w) cm'. Raman (1000 mW): v = 3037 (12), 2984
(47), 3948 (64), 2913 (12), 2859 (52), 2836 (5), 2817 (6), 2083 (11), 2028 (5), 1609 (25), 1465
(13), 1424 (22), 1373 (38), 1305 (27), 1186 (10), 1155 (9), 1035 (99), 1010 (10), 935 (7), 908
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(15), 859 (102), 800 (7), 727 (9), 711 (6), 661 (5), 630 (8), 563 (9), 538 (7), 419 (41), 404 (44),
378 (50), 340 (24), 306 (10) cm™'. "TH NMR ([Ds]DMSO) 6 = 8.10 (br, 3H, NH3), 3.71 (m, 2H,
CH,), 3.24 (m, 2H, CH) ppm. *C NMR ([Ds]DMSO) § = 128.8 (C(NO»)3), 33.5 (CH,), 30.6
(CH2) ppm. "N NMR ([Ds]DMSO) § = -4 (NOs"), =30 (NO»), —359 (NH;) ppm. Elemental
analysis CsH7NsOy (257.12): calc. C 14.01, H 2.74, N 27.24%; found C 13.89, H 2.76, N 27.01%.
IS: 6 J (grain size 250-500 um). FS: 120 N (grain size 250-500 um). ESD 0.3 J (grain size 250—
500 pm).

3,3,3-Trinitropropyl-1-ammonium perchlorate (6¢)

To a solution of 3,3,3-trinitropropyl-1-ammonium chloride (6a) (196 mg, 0.9 mmol) in water
(10 mL) was added at 0 °C under exclusion of light a solution of silver perchlorate monohydrate
(190 mg, 0.9 mmol) in water (10 mL). The reaction mixture was stirred 1.5h at 0 °C. The
precipitated silver chloride was filtered off, washed with cold water and the filtrate was
evaporated to dryness. 3,3,3-Trinitropropyl-1-ammonium perchlorate (6¢) was obtained as
colorless solid in 90% yield.

DSC (5 °C min"): 164 °C (dec.). IR (ATR): v = 3259 (w), 3227 (w), 3168 (w), 2992 (w),
2888 (w), 2361 (w), 2333 (w), 1596 (s), 1513 (w), 1501 (w), 1478 (m), 1430 (w), 1368 (w), 1293
(m), 1152 (m), 1067 (vs), 980 (m), 941 (w), 893 (w), 855 (w), 798 (s), 749 (w), 667 (w) cm .
Raman (1000 mW): v = 3258 (7), 3241 (6), 3214 (6), 3189 (5), 3143 (5), 3133 (6), 3119 (5),
3067 (4), 3028 (9), 2994 (17), 2960 (29), 2821 (6), 1863 (5), 1601 (39), 1467 (10), 1431 (18),
1370 (25), 1356 (15), 1343 (9), 1302 (21), 1162 (16), 1115 (8), 1078 (12), 1019 (17), 982 (14),
942 (101), 858 (88), 803 (10), 664 (5), 634 (5), 628 (25), 563 (13), 467 (25), 453 (22), 417 (38),
405 (38), 382 (49), 341 (32), 300 (8) cm™'. '"H NMR ([Ds]DMSO) 6 = 8.03 (br, 3H, NH3), 3.70
(m, 2H, CH,), 3.23 (m, 2H, CH,) ppm. *C NMR ([Ds]DMSO0) § = 128.8 (C(NO»)3), 33.5 (CH>),
30.4 (CH,) ppm. “N NMR ([Dg]DMSO) § = —31 (NOy), -356 (NH3) ppm. ¥Cl NMR
([Ds]methanol) = —1011 (ClO4") ppm. Elemental analysis C3H;N4OsCl (294.56): calc. C 12.23,
H 2.40, N 19.02%; found C 12.25, H 2.57, N 18.44%. IS: 2.5 J (grain size <100 um). FS: 16 N
(grain size <100 pm). ESD 0.08 J (grain size <100 um).

3,3,3-Trinitropropyl-1-ammonium dinitramide (6d)

To a solution of 3,3,3-trinitropropyl-1-ammonium chloride (6a) (350 mg, 1.5 mmol) in water
(10 mL) was added at 0 °C under exclusion of light a solution of silver dinitramide (320 mg,
1.5 mmol) in water (10 mL). The reaction mixture was stirred 1.5 h at 0 °C. The precipitated
silver chloride was filtered off, washed with cold water and the filtrate was evaporated to dryness.

3,3,3-Trinitropropyl-1-ammonium dinitramide (6d) was obtained as colorless solid in 96% yield.
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DSC (5 °C min™"): 112 °C (dec.). IR (ATR): v = 3285 (w), 3047 (w), 2981 (m), 2947 (m),
2662 (w), 1989 (w), 1588 (vs), 1520 (m), 1502 (m), 1478 (w), 1448 (m), 1412 (w), 1365 (w),
1295 (m), 1231 (w), 1183 (s), 1160 (s), 1026 (s), 986 (w), 947 (w), 898 (W), 855 (w), 827 (w),
798 (s), 761 (m), 755 (m), 743 (w), 734 (w), 722 (w) cm'. Raman (1000 mW): v = 3236 (5),
3228 (4), 3208 (4), 3046 (9), 2984 (24), 2948 (30), 2859 (20), 2818 (4), 1609 (19), 1522 (6), 1484
(7), 1469 (9), 1440 (12), 1419 (10), 1368 (40), 1334 (100), 1313 (30), 1300 (21), 1183 (13), 1162
(11), 1143 (22), 1053 (16), 1027 (21), 984 (17), 950 (10), 919 (6), 899 (10), 858 (88), 826 (75),
805 (6), 759 (14), 748 (10), 647 (6), 559 (11), 488 (23), 403 (39), 377 (52), 341 (45), 298 (16),
209 (7) cm™'. "H NMR ([D4]methanol) § = 8.31 (br, 3H, NH3), 3.72 (m, 2H, CH,), 3.43 (m, 2H,
CH,) ppm. “C NMR ([Ds]methanol) § = 129.6 (C(NO.)s), 35.4 (CH>), 32.3 (CH,) ppm. °N
NMR ([D4]methanol) 6 = —12.6 (N(NO>)), —30.2 (NO,), —352.0 (NH3) ppm. Elemental analysis
C3H7N7010 (301.13): calc. C 11.97, H 2.34, N 32.56%; found C 12.00, H 2.41, N 31.27%. IS: 2 J
(grain size <100 pm). FS: 30 N (grain size <100 um). ESD 0.45 J (grain size <100 pm).

Bis(3,3,3-Trinitropropyl-1-ammonium) 5,5'-azobistetrazolate (6¢)

A solution of 3,3,3-trinitropropylammonium chloride (233 mg, 1.0 mmol) in water (10 mL)
was added to a solution of potassium 5,5'-azobistetrazolate (123 mg, 0.5 mmol) in water (2 mL) at
0 °C. Immediately a yellow precipitate was formed. The reaction mixture was stirred 1 h at 0 °C.
The precipitate was filtered off, washed with water and dried to yield 49% of bis(3,3,3-
trinitropropyl-1-ammonium) 5,5'-azobistetrazolate (6e) as yellow solid.

DSC (5 °C min"): 120 °C (dec.). IR (ATR): v = 2934 (w), 2757 (w), 2675 (w), 2623 (w),
2512 (w), 2084 (w), 1632 (w), 1603 (s), 1590 (s), 1517 (w), 1458 (w), 1424 (w), 1414 (w), 1394
(w), 1369 (w), 1312 (w), 1297 (w), 1185 (w), 1174 (m), 1148 (w), 1080 (w), 1051 (w), 1042 (w),
1010 (w), 903 (w), 856 (w), 806 (s), 796 (s), 774 (W), 756 (w), 738 (m), 667 (s) cm '. Raman
(500 mW): v=2935 (2), 1484 (48), 1423 (4), 1390 (100), 1195 (2), 1086 (10), 1058 (40), 927 (8),
857 (3), 341 (2) cm™'. "H NMR ([Ds]methanol) 6 = 3.76 (m, 2H, CH>), 3.48 (m, 2H, CH,) ppm.
BC NMR ([Ds]methanol) 6 = 171.9 (CNy), 128.3 (C(NO.)s3), 34.0 (CH»), 31.1 (CH>) ppm. “N
NMR ([D4]methanol) 6 = —19 (CNi)), —30 (NO), =352 (NH3) ppm. Elemental analysis
CsHi4N13012 (554.31): calc. C 17.33, H 2.55, N 45.48%; found C 17.48, H 2.49, N 45.28%. IS:
2 J (grain size <100 um). FS: 54 N (grain size <100 pum). ESD 0.6 J (grain size <100 um).

4,4,4-Trinitro-N-(2,2,2-trinitroethyl)butanamide (7)

To a saturated solution of barium hydroxide in water (10 mL) was added acrylamide (1.30 g,
18.2 mmol) and aqueous formaldehyde (37%, 1.50 g, 18.2 mmol) and stirred for 20 minutes. The
solution was treated with solid carbon dioxide (5 g) and the precipitated barium carbonate was

filtered off. To the filtrate was added aqueous nitroform solution (30%, 18.3 g, 36.4 mmol),
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stirred for 20 minutes and refluxed for further 30 minutes. The reaction mixture was cooled in an
ice-water bath and the formed precipitate was filtered off. The yellow powder was recrystallized
two times from a mixture of methanol/water, to yield 3.93 g (10.2 mmol, 56%) of colorless pure
product.

DSC (5 °C min™"): 150 °C (mp.), 155 °C (dec.). IR (ATR): v = 3304 (w), 3071 (w), 3011 (w),
2960 (w), 2892 (w), 1676 (m), 1589 (vs), 1543 (s), 1418 (w), 1363 (w), 1299 (s), 1236 (w), 1217
(w), 1155 (w), 1115 (w), 1092 (w), 1050 (w), 935 (w), 854 (m), 803 (s). Raman (400 mW): v =
3006 (19), 2957 (39), 1677 (18), 1605 (29), 1421 (24), 1365 (28), 1337 (20), 1305 (36), 1117
(14), 1058 (13), 936 (15), 913 (13), 857 (102), 545 (18), 412 (46), 394 (47), 377 (68), 278 (29)
cm . "H NMR (CD;CN) 6 = 7.21 (s, 1H, NH), 4.96 (d, 2H, *J = 6.8 Hz, CH,NH), 3.47 (m, 2H,
CH,C(NO»)s), 2.70 (m, 2H, OCCH>) ppm. *C NMR (CD;CN) 6 = 169.9 (CO), 131.4 (C(NO»)s),
127.5 (NHCH,C(NO)3), 42.2 (NHCH>), 28.8 (CH,), 28.6 (CH,) ppm. N NMR (CD;CN) § =
—29 (C(NO»)3), —32 (NHCH.C(NO»);) ppm. MS (DCI+) m/e: 386.2 [(M+H)']. Elemental
analysis C¢H7N7O;3 (385.16): calc. C 18.71, H 1.83, N 25.46%; found C 18.83, H 1.81, N
25.49%. IS: 10J (grain size <100 pm). FS: 240 N (grain size <100 pm). ESD 0.2 J (grain size
100 pm).

2,2,2-Trinitroethyl 4,4,4-trinitrobutanoate (8)

To a mixture of fuming sulfuric acid (30% SOs;, 4 mL) and concentrated sulfuric acid (8 mL)
was added 4,4,4-trinitrobatanoic acid (2) (1.7 g, 7.8 mmol) in small portions with cooling to 4°C
and stirred till complete solution. 2,2,2-Trinitroethanol (1.53 g, 7.8 mmol) was dissolved in water
(0.5 mL) and is added very carefully to the reaction mixture at 4 °C and stirred for further 12
hours at room temperature. The reaction was quenched with ice-water (5 mL) and the colorless
precipitate was filtered off. The product was washed three times with water (20 mL) and dried to
obtain 1.20 g (40%) of pure product.

DSC (5 °C min™"): 92 °C (mp.), 155 °C (dec.). IR (ATR): v = 3007 (w), 2964 (w), 2895 (W),
1761 (s), 1582 (vs), 1441 (w), 1430 (m), 1419 (w), 1400 (w), 1379 (w), 1363 (w), 1299 (s), 1222
(w), 1169 (s), 1100 (w), 1086 (m), 1037 (w), 1015 (w), 913 (w), 873 (W), 855 (m), 799 (vs), 780
(m), 759 (w), 744 (w), 730 (w), 689 (W), 655 (w) cm . Raman (500 mW): v = 3009 (12), 2987
(21), 2953 (49), 1762 (18), 1609 (36), 1442 (10), 1419 (27), 1401 (129, 1364 (38), 1302 (36),
1263 (10), 1154 (9), 1086 (18), 1038 (10), 1015 (13), 972 (8), 915 (21), 873 (13), 857 (105), 798
(11), 781 (9), 744 (6), 647 (11), 539 (17), 487 (11), 404 (70), 373 (95), 341 (13), 326 (12), 269
(28), 232 (21) cm™". "H NMR (CDCl;) § = 5.44 (s, 2H, OCH, ), 3.43 (m, 2H, CH>,C(NO)3), 2.90
(m, 2H, OCCH,) ppm. *C NMR (CDCL) 6 = 167.4 (CO), 1282 (C(NO,)s), 122.5
(OCHC(NO»)3) 61.3 (OCCH>), 29.3 (CH,), 28.0 (CHz) ppm. "N NMR (CDCl3) § = —31
(C(NO»)3), —35 (C(NO»)3) ppm. MS (DCI+) mfe: 387.1 [(M+H)']. Elemental analysis
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(C¢HosNgO14, 386.14): calc.: C 18.66, H 1.57, N 21.76%; found: C 18.92, H 1.59, N 21.46%. IS:
30 J (grain size <100 pm). FS: 240 N (grain size <100 pm). ESD 0.1 J (grain size 100 pum).
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Trinitropropylammonium Salts

2.1 Abstract

Starting from a nucleophilic Michael Addition of nitroform to acrylamide, three synthetic
strategies towards 1,1,1-trinitropropyl-1-ammonium salts are described. Due to the high oxygen
content and density of one periodate salt, its suitability as high-energy dense oxidizer in energetic
formulations was predicted according to its specific impulse and detonation velocity.
Furthermore, those properties were compared to the nitrogen-rich amino-bis(5-tetrazolate) salt.
The parameters were calculated with the EXPLOS (V6.03) computer code and compared to the
common solid rocket propellant ammonium perchlorate (AP). Calculations towards the energies
of formation were performed using Gaussian 09. Characterization including multinuclear NMR
spectroscopy, vibrational analysis (IR, Raman) as well as elemental analysis and a single crystal
X-ray diffraction study was performed. The thermal stability was studied using differential

scanning calorimetry and the sensitivities against impact and friction were determined.

2.2 Introduction

In the area of high-energy dense oxidizers (HEDOs), ammonium perchlorate (AP) still is one
of the most popular oxidizers in composite propellants. While the ammonium cation acts as a
reducing agent, the perchlorate anion is the important oxidizer during the combustion.!"! The
formed oxygen reacts with the aluminum and binder, which are present in the composite, and in
consequence leads to a very high heat of combustion and high burning temperature.”!
Nevertheless, toxic gases such as hydrogen chloride are also released, as well as the own toxicity
of perchlorate anion, as it competes with iodine in the thyroid gland.” An interesting building
block for designing new perchlorate free HEDOs is the trinitromethyl unit, due to its high oxygen
content. Whereas the more oxygen-rich but chemically less stable 2,2,2-trinitroethyl moiety has
been studied exhaustively, the 3,3,3-trinitropropyl moiety gained more attention lately. Our initial
study concerning the 3,3,3-trinitropropyl unit as promising energetic building block showed, that
compounds carrying the propyl moiety, although not exhibiting higher thermal stabilities, in
general were less sensitive, compared to the corresponding ethyl salts.”] Until now, no salts are
known containing the 2,2,2-trinitroethyl-1-ammonium unit. However, with the 3,3,3-
trinitropropyl-1-ammonium cation, it is possible to study salts containing this particular cation.
The first exemplary salts showed excellent performance data, but increased sensitivities towards
impact and friction. Furthermore, only the 3,3,3-trinitropropyl-1-ammonium perchlorate displayed

a thermal stability up to 164 °C.”) In this contribution, we tested two oxygen-rich and one
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nitrogen-rich counterions, namely the periodate, sulfate and amino-bis(5-tetrazolate) salts of the

3,3,3-trinitropropyl-1-ammonium moiety

2.3 Results and Discussion

2.3.1 Synthesis

The central precursors are the reactive isocyanate 1,1,1-trinitropropan-3-isocyanate and the
3,3,3-trinitropropyl-1-ammonium chloride, which are available by a route starting from a Michael

Addition of nitroform with acrylamide."

(O2N);C -~ HCI (O2N)sC o~y + o
Ny NH;* Cl

—

o

n= 1or2
M= Ag+, NH2NH3+ H
N NN
X= 105 S0 NI TN
N-N  N-N
1 2 3

Scheme 2.1. Synthesis of the 3,3,3-trinitropropyl-1-ammonium salts 1-3.

Reaction of the isocyanate with periodic acid resulted in the corresponding periodate salt 1,
similar to the chloride (Scheme 2.1) and nitrate salts. The sulfate and amino-bis(5-tetrazolate)
salts 2 and 3 were obtained via metathesis reactions of 3,3,3-trinitropropyl-1-ammonium chloride

with the corresponding silver or hydrazinium salts.

2.3.2 NMR Spectroscopy

Identification and characterization is performed as usual with multinuclear NMR spectroscopy.
Since the resonances in the 'H, °C, and '*N NMR spectra are as to be expected in the same ranges
as already described salts with this cation, they are not discussed in detail. For the periodate salt 1
the '?’ NMR resonance was obtained at 4103 ppm, for the sulfate salt 2 the **S resonance at —1.5

ppm, both as relatively sharp singlets.
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2.3.3 Single Crystal Structure Analysis

Low-temperature X-ray diffraction analysis was possible for the sulfate salt 2 after
recrystallization from water. However, in the second 3,3,3-trinitropropyl-1-ammonium unit a
disorder is observed and omitted in Figure 2.1. Due to the steric repulsion from the three
relatively large nitro groups around one carbon atom, the C-N bond lengths in the trinitromethyl
moiety are in the range 1.51-1.54 A, which is longer than a regular C-N bond (1.47 A).I°) The
structure shows also the typical propeller-like arrangement of the trinitromethyl moieties, which
optimizes the non-bonded N---O attractions. These attractions are much shorter (2.55-2.56 A)
than the sum of the van der Waals radii of nitrogen and oxygen (3.07 A).[”)

016

015 S1

05 @—i, 01

01 H7

Figure 2.1 Crystal structure of bis(3,3,3-trinitropropyl-1-ammonium) sulfate (2). Selected distances [A]
and angles [°]: O2-N1 1.221(4), O3-N2 1.200(6), N3—C1 1.524(4), C1-C2 1.504(3), C2—C3 1.522(8),
C1-N4 1.477(5), S1-016 1.463(9), S1-014 1.482(8), O1-N1-02 127.3(9), C3—C2—C1 116.8(3), N3—
C1-N2 106.4(8), O13-S1-015 108.6(9), 014-S1-016 107.9(8).

Strong hydrogen bonds (image at right in Figure 2.1) are observed between the hydrogen
atoms of the ammonium moiety and the oxygen of the sulfate ion [DHA N4-H7---O14, bond
angle DHA 166.9 °, d(D-A)=2.73 A, d(H-A) = 1.84 A, DHA N4-H5---O15, bond angle DHA
153.2°,d(D-A)=3.11 A, d(H-A) = 2.27 A, DHA N4-H5---013, bond angle DHA 122.0 °, d(D-
A)=290 A, d(H-A) = 2.31 A] as well as the hydrate water [DHA N4-H6---O17, bond angle
DHA 146.6 °, d(D-A) =2.84 A, d(H-A) = 2.03 A].

2.3.4 Thermal Stabilities and Energetic Properties

The periodate 1 was obtained hydrate-water free and has a relatively high oxygen content, in
contrast to the amino-bis(5-tetrazolate) 3 which owns the nitrogen-rich amino-bis(tetrazole)
moiety. Their energetic potential and physical properties were determined as outlined in Table 2.1

(the sulfate salt 2 is not considered here due to its water content, sensitivities see Appendix A2).
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Table 2.1 Physical properties, calculated heat of formation and predicted detonation and combustion
parameters of salts 1 and 3, as well as ammonium perchlorate (AP).[*]

1 3 AP
Formula CsHNLO o] CsHisN1701, NH.CIO,
FW /g mol! 386.01 541.32 117.49
T, /°Cla] 105 — —
Tyec /°C 0] 138 118 240
IS /71l 2 15 20
FS /Nl 6 360 360
plgem3 2.12 1.66 1.95
N /%0 14.5 44.0 119
0 /%1¢] 415 355 545
Qcop 1% 2.1% -34.0 34.0
AH{ /KT mol ! 1 35 833 -296
AU KT kg ' 0] 63 1640 ~2433
0, /kI kg ! ~4902 ~5924 ~1421
Tex /K1 4663 3953 1725
Vo /L kg ! ml 619 825 884
pes /kbar [ 258 293 183
Vaer /m 571 (0] 7074 8486 6810
Iy /s 225 267 155
I /s (A) @ 240 275 233
I /s (Al and 14% 236 239 256

binder) [}

[a] Onset melting and [b] onset decomposition point from DSC measurement, heating rate of 5 °C min". [c] Impact sensitivity.
[d] Friction sensitivity. [e] RT densities are measured by gas pycnometer [f] Nitrogen content. [g] Oxygen content. [h] Oxygen
balance assuming the formation of CO2 according to the Springall-Roberts-Rules (*as calculated by EXPLO5 (V6.03) computer
code!™). [i] Enthalpy and [j] energy of formation calculated by the CBS-4M method using Gaussian 09.!'[k] Heat of detonation,
[1] detonation temperature. [m] volume of gaseous products, [n] detonation pressure and [0] detonation velocity calculated by
using the EXPLOS (V6.03) code.” [p] Specific impulse for the neat compound, [q] for optimized compositions with aluminum
and, [r] for three component compositions with oxidizer, aluminum and 14% binder (6% polybutadiene acrylic acid, 6%
polybutadiene acrylonitrile and 2% bisphenol A ether) at 70.0 bar chamber pressure, isobaric combustion conditions (1 bar) and
equilibrium to throat and frozen to exit (see Appendix A2).

Both salts 1 and 3 are stable for over a year under standard conditions, though 1 should be
stored under the exclusion of light. Compared to the other already published 3,3,3-trinitropropyl-
ammonium salts, 3 showed most moderate impact and friction sensitivities. Furthermore, its room

temperature density and thermal stability are most comparable to the 5,5'-azobistetrazolate salt

(1.67 g cm™, 120 °C)."! In contrast, the periodate salt 1 is the most sensitive salt so far, having the
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highest decomposition temperature amongst the energetic, perchlorate-free 3,3,3-trinitropropyl-
ammonium salts. In addition, due to the relatively heavy iodine atom, its density exceeds clearly
2.00 g cm™ and also, that from all salts of this cation. The specific impulses I, of 1 and 3 were
calculated for the neat compounds, for compositions with different amounts of aluminum as fuel,
and additionally with binder. These impulses were compared with the calculated impulses of
ammonium perchlorate (AP) as neat compound, as mixture with 15% aluminum, and as mixture
with 15% aluminum and 14% binder. The amino-bis(5-tetrazolate) 3 has high specific impulses as
neat compound and in mixtures with aluminum, but in composites containing oxidizer, fuel and
binder the specific impulse decreases. The optimized composites of salts 1 and 3 are in
appropriate ranges, but are neither superior to the former trinitropropyl-ammonium salts, nor to
the optimized composites of ammonium perchlorate. Optimization plots can be found in

Appendix A2.

2.4 Experimental Section

General experimental details are described in Appendix A2.

CAUTION! The 1,1,1-trinitropropyl-1-ammonium salts show increased sensitivities towards
heat, impact and friction. No hazards occurred during the preparation and manipulation of those
salts, but they should be handled with caution, especially the periodate salt. Protective equipment,

such as leather jacket, face shield, ear protection, Kevlar® gloves, is strongly recommended.

3,3,3-Trinitropropyl-1-ammonium periodate (1)

Periodic acid (HsIOs, 308 mg, 1.4 mmol) was dissolved in small amounts of water and
immediately added to freshly prepared 1,1,1-trinitropropan-3-isocyanate (269 mg, 1.2 mmol). The
reaction mixture was stirred at 50 °C for 5 hours under exclusion of light. The solvent was
removed in vacuo, the resulting crude product was suspended in 1,2-dichloroethane and filtered.
The periodate salt (1) was obtained as colorless solid in 53% yield (250 mg). "H NMR (D,0): 6 =
8.27 (br, 3H, NH3), 3.80 (m, 2H, CH>), 3.56 (m, 2H, CH,). *C NMR (D;0): 6 = 127.8 (C(NO»)s),
34.0 (CH>), 30.8 (CH,). "N NMR (D;0): 6 = —32 (NO) 351 (NH;"). ¥ NMR (D;0): § = 4103
(I047) EA: C3sH7N4010I (386.01): calc. C 9.33, H 1.83, N 14.51 %; found C 9.27, H 1.80, N 14.26
%. IR (ATR): v = 3208 (w), 3103 (w), 2972 (w), 2937 (w), 2361 (w), 2339 (w), 1586 (vs), 1495
(m), 1469 (m), 1431 (w), 1361 (w), 1314 (m), 1297 (m), 1158 (m), 1143 (m), 1015 (w), 994 (w),
906 (W), 844 (s), 832 (s), 797 (W), 739 (w) 680 (w) cm'. Raman (500 mW): ¥ = 3007 (3), 2974
(6), 2939 (7), 1618 (4), 1601 (5), 1470 (2), 1432 (4), 1375 (5), 1298 (4), 1167 (2), 1016 (4), 907
(2), 858 (22), 852 (20), 841 (20), 792 (100), 625 (2), 567 (3), 424 (8), 400 (10), 384 (11), 361 (6),
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341 (7), 325 (14), 313 (9), 269 (18) cm ™. Sensitivities (BAM): impact: 2 J; friction: 9 N; (grain
size: <100 um) DSC (5 °C min™"): 105°C (mp.), 138°C (dec.).

Bis(3,3,3-trinitropropyl-1-ammonium) sulfate hydrate (2)

A solution of silver sulfate (156 mg, 0.5 mmol) in water (25 mL) was poured to a solution of
3,3,3-trinitropropyl-1-ammonium chloride (231 mg, 1.00 mmol) in water (10 mL). After stirring
for 1 hour under exclusion of light, the filtrate was evaporated to dryness and a yellowish solid
was obtained (210 mg, 86%). '"H NMR (D,0): § = 8.26 (br, 3H, NH5), 3.76 (m, 2H, CH>), 3.52
(m, 2H, CH,). *C NMR (D;0): 6 = 128.0 (C(NO)s), 34.0 (CH>), 30.9 (CH,). "“N NMR (D,0): 6
= =26 (NO,) —346 (NH3"). **S NMR (D;0): § = —1.5 (S04%). EA: CsH14NgO16S - H,O (504.29):
calc. C 14.29, H 3.20, N 22.22, S 6.36 %; found C 14.05, H 3.57, N 21.34, S 6.69 %. IR (ATR): ¥
= 2987 (w), 2940 (w), 2883 (w), 2777 (W), 2695 (w), 2637 (W), 2526 (w), 2360 (W), 2339 (w),
1589 (vs), 1532 (m), 1473 (w), 1425 (w), 1369 (w), 1300 (m), 1197 (w), 1172 (w), 1154 (w),
1099 (s), 1052 (s), 971 (w), 856 (w), 801 (s), 756 (w) cm . Raman (500 mW): v = 3100 (4),
3041 (6), 2991 (24), 2948 (29), 2847 (4), 2808 (5), 2730 (4), 1613 (20), 1473 (12), 1427 (11),
1371 (32), 1337 (12), 1303 (25), 1187 (4), 1171 (7), 1158 (9), 1044 (9), 1030 (10), 1004 (10), 973
(67), 932 (4), 910 (12), 859 (102), 802 (7), 757 (4), 742 (4), 636 (9), 563 (10), 469 (7), 416 (39),
404 (44), 380 (40), 362 (27), 346 (30), 295 (12) cm™". Sensitivities (BAM): impact: 6 J, friction:
252 N (grain size: <100 um). DSC (5 °C min'): 120°C (dec.).

Bis(3,3,3-trinitropropyl-1-ammonium) amino-bis(5-tetrazolate) (3)

Dihydrazinium amino-bis(5-tetrazolate) (109 mg, 0.5 mmol) was dissolved in H,O (5 mL) and
cooled to 0 °C. A pre-cooled solution of 3,3,3-trinitropropyl-1-ammonium chloride (231 mg,
1.0 mmol) and water (1 mL) was added slowly. After 5 minutes an orange precipitate was formed,
which was filtered and air dried. The amino-bis(5-tetrazolate) salt 3 was obtained as an orange
powder in 31% yield (85 mg). "H NMR (CD;OD): 6 = 8.63 (br, 3H, NH;), 3.70 (m, 2H, CH»),
3.41 (m, 2H, CH,). *C NMR (CD;0D): § = 157.5 (CN4"), 35.5 (CH2), 32.7 (CH»). "“N NMR
(CD;0D): 6 = =30 (NO»), =355 (NH3"). EA: CsHsN7O012 (541.31): cale. C 17.75, H 2.79, N
43.99 %; found C 17.66, H 2.97, N 42.05 %. IR (ATR): v = 3213 (w), 3023 (w), 2982 (w), 2941
(w), 2874 (w), 2826 (w), 2510 (w), 2366 (w), 2136 (w), 1733 (w), 1717 (w), 1645 (m), 1586 (vs),
1540 (m), 1506 (s), 1464 (w), 1442 (w), 1421 (w), 1363 (m), 1322 (m), 1295 (m), 1230 (w), 1176
(m), 1154 (w), 1131 (w), 1109 (w) 1050 (m), 1032 (m), 1020 (m), 1006 (m), 909 (w), 854 (w)
797 (s), 736 (m), 693 (w) cm”'. Raman (500 mW): ¥ = 3080 (9), 3039 (11), 2980 (40), 2946 (48),
2900 (13), 2832 (10), 2797 (9), 2103 (6), 1912 (6), 1712 (5), 1664 (10), 1631 (18), 1606 (43),
1581 (54), 1540 (18), 1511 (66), 1473 (16), 1464 (46), 1424 (26), 1366 (71), 1302 (37), 1226
(22), 1204 (5), 1178 (6), 1156 (7), 1148 (6), 1130 (17), 1122 (15), 1069 (68), 1034 (30), 1012
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(19), 931 (8), 912 (9), 876 (10) 857 (100), 836 (4), 801 (9), 785 (8), 745 (8), 627 (7), 560 (8), 505
(5), 481 (5), 458 (7), 417 (40), 406 (50) cm™'. Sensitivities (BAM): impact: 15 J, friction: 360 N
(grain size: <100 um). DSC (5 °C min™'): 118°C (dec.).

2.5 References

50

A. E. Simchen, J. Appl. Chem. 1963, 13, 369-374.

J. Akhavan, The Chemistry of Explosives, 2nd. ed., The Royal Society of Chemistry,
Cambridge, 2004

a) T. M. Klapotke, Chemistry of High-Energy Materials, 4th ed., De Gruyter, Berlin,
2017; b) J. Wolff, Pharmacol. Rev. 1998, 50, 89—105.

Q. J. Axthammer, B. Krumm, T. M. Klapotke, R. Scharf, Chem. — Eur. J. 2015, 21,
16229-16239.

Q. J. Axthammer, T. M. Klapdtke, B. Krumm, R. Scharf, C. C. Unger, Dalton Trans.
2016, 45, 18909-18920.

Q. J. Axthammer, T. M. Klapétke, B. Krumm, R. Moll, S. F. Rest, Z. Anorg. Allg. Chem.
2014, 640, 76-83.

A. Bondi, J. Phys. Chem. 1964, 68, 441-451.
T. M. Klapétke, Energetic Materials Encyclopedia, De Gruyter, Berlin / Boston, 2018.
M. Suceska, EXPLOS5 V6.03, Zagreb (Croatia), 2015.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman,
V. B. G. Scalmani, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P.
Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai,
T. Vreven, J. J. A. Montgomery, J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E.
Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A.
Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M.
Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin,
K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich,
A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian
09, Rev. A.02 ed., Gaussian, Inc., Wallingford CT (US), 2009.



3 Trinitroethyl Esters Based on Divalent Acids

Oxygen-rich Bis(trinitroethyl esters): Suitable
Oxidizers as Potential Ammonium
Perchlorate Replacements

C. C. Unger, M. Holler, B. Krumm, and T. M. Klapotke
Energy Fuels 2020, in press.

Moderately
sensitive

Sufficient
>performanc
4

Py

(

8.
N ®) )
i Q
9, . 5>
d O—() A A
] 2

o] One-pot

synthesis

Thermally
p~1.8gcm stable

Long-term
stable




Trinitroethyl Esters Based on Divalent Acids

3.1 Abstract

In the area of solid rocket propellants research efforts are ongoing to find suitable oxidizers as
ammonium perchlorate (AP) replacement. On the one hand AP’s performance data are excellent,
on the other hand itself and its combustion products lead to health and environmental issues.
Herein, nitramino diacetic acid bis(2,2,2-trinitroethyl ester) (NABTNE) is presented as a green
AP-alternative and compared to the bis(trinitroethyl ester) of malonic acid (MaBTNE). Simple
syntheses based on economic starting materials furnished both compounds, with NABTNE having
a positive oxygen balance (according to CO), a density of 1.84 gecm™ (@T=-118°C) and a
decomposition point of 180 °C. The density of MaBTNE (8 =1.81 gem™> @T =—-147 °C) and
thermal stability (T4 = 157 °C) are also advantageous. NABTNE as a moderately sensitive and
the most promising derivative was shown to be of good stability towards long-term storage.
Moreover, mixtures for a potential application in solid rocket formulations were calculated using

EXPLOS (V 6.03).

3.2 Introduction

Oxidizers are the main part (~70%) of solid rocket propellants apart from further components,
such as a polymeric binder and a fuel, mostly aluminum. During their combustion plenty of hot
gases are produced, which are used for the propulsion of rockets.! Due to the excellent
performance and low cost, composite propellants still rely on ammonium perchlorate (AP). The
drawbacks are based on the perchlorate anion, which leads to the release of large amounts of toxic
gases during combustion. One of them is hydrogen chloride, causing the corrosion of the rocket
launch sites and environmental problems.”” Another issue is groundwater pollution with the
hormone active perchlorate anion.*> Therefore, halogen-free CHNO-based high energy dense
oxidizers (HEDOs) are desirable.

In the recent years several functional groups for HEDOs were investigated. For example, the
excellent performing but very toxic fluorodinitromethyl moiety,*” trinitroalkyl compounds, where
great performance data often goes along with low thermal stability,*® as well as organic nitrates,
that are often easily accessed from the corresponding alcohol but can suffer from long-term
stability issues.'®"" Nitrocarbamates are also obtained from alcohols and form a more recently
developed class of energetic materials, tending to have lower sensitivities, higher thermal
stabilities and just slightly lower performance as shown by the pentaerythritol derivatives, the
tetranitrate (PETN) and the tetranitrocarbamate (PETNC).'"*"* Apart from aliphatic building

blocks, oxadiazoles are a choice to combine a nitrogen- and oxygen-containing ring, which
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possesses usually a high density, with various oxygen-containing moieties.'*'” Recently, highly
nitrated pyrazoles and triazoles were also shown to be promising new materials.'"®" New
oxidizers should fulfill the requirements of a high density (~2gcm™), oxygen balance
(Qco/Qco2 > 0%), thermal stability (7Tmet > 150 °C) and a comparable performance to AP (I in

mixtures ~ 260 s). Furthermore, molecules with less synthetic steps,?**!

which are compatible
with the binder”” and long term stable, are desired.” Currently discussed alternatives are
ammonium dinitramide (ADN), ammonium nitrate (AN), or hydrazinium nitroformate (HNF),
because of being chlorine free and having promising properties.**** In this contribution, we report
the synthesis of two easy accessible trinitroethyl esters and highlight their thoroughly analyzed

physical and energetic parameters.

3.3 Results and Discussion

3.3.1 Synthesis

Both bis(trinitroethyl esters) can be synthesized in simple synthetic protocols starting from

their corresponding acids, malonic acid and nitraminodiacetic acid (Scheme 3.1).

TNE
HOMOH (OZN)3C/\OMO/\C(NOZ)

(CF4C0),0,r.t, 1h

0o NO, O 1.) (COCI),, [DMF], Q EOZ Q
H O)K/NQJ\ OH DCM, reflux, 4h_ o N).c” 0 0" C(NO,),
2.) TNE, [AICI3],
DCM, reflux, 5 h 2

Scheme 3.1 Syntheses of MaBTNE (1) and NABTNE (2).

The commercially available malonic acid is reacted with trinitroethanol (TNE) and
trifluoroacetic anhydride to form malonic acid bis(2,2,2-trinitroethyl ester) (1) (MaBTNE) in 43%
yield after recrystallization from water/methanol (which is the most convenient synthesis among
others).?*?” The esterification of nitraminodiacetic acid into nitraminodiacetic acid bis(2,2,2-
trinitroethyl ester) (NABTNE (2)), normally is based on a two-step synthesis to the acid chloride,
which is further reacted after work-up.?®>" In this case, it was possible to optimize the conditions
toward an one-pot synthesis, whereby the energetic moiety is added latest, which is important for
a safe scale-up. The starting material nitraminodiacetic acid was first synthesized in 1917, but was
not considered further since then.’'*” Herein, it was obtained either by direct nitration of

iminodiacetic acid using 100% HNOs in 22% yield. Another possible synthesis is based on the
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nitration of the esterified iminodiacetic acid followed by acidic hydrolysis, with overall almost

comparable yields (Scheme 3.2).

EtOH,

(0] H (0] (0] H (0]
oo N A M0 AN

ACZO
HNO, HNO,4
O NO; O Hel 0 NO, 0
N -~ /\o)&N o
HO OH

Scheme 3.2 Two possible synthetic pathways towards nitraminodiactic acid.

3.3.2 NMR Spectroscopy

Both esters 1 and 2 were analyzed with multinuclear NMR spectroscopy in CD;CN and
additionally investigated in various solvents (see Appendix A3).

Singlets for the CH, hydrogen atoms in a-position to the carboxyl groups are found in the
range 4.96-3.63 ppm in the 'H NMR spectra and those of the ester functionality in the range
6.03—5.45 ppm. In the *C NMR spectra four resonances are found: in the region from 53.7 to
39.4 ppm respectively from 62.6 to 61.1 ppm (CH.), in the region from 166.1 to 162.4 ppm (CO),
and for C(NO»); at 124.5-122.7 ppm. In the '*N NMR spectra, the resonances for the nitro groups

are all in the narrow range of —37 to —30 ppm.

3.3.3 Single-Crystal Structure Analysis

Suitable crystals were obtained for nitraminodiacetic acid and the trinitroethyl ester NABTNE
(2). Nitraminodiacetic acid crystallizes as colorless platelets in the orthorhombic space group

Pnma with a density of 1.776 g cm™ at 123 K (Figure 3.1).

54



Trinitroethyl Esters Based on Divalent Acids

06

Figure 3.1 Thermal ellipsoid plot (50%) for the single-crystal X-ray structure of nitraminodiacetic acid
(top) and dimers connected via hydrogen bonds of the carboxyl units (bottom). Selected bond lengths
[A]: N1-O1 1.2310(11), N1-N2 1.358(2), C1-N2 1.4508(15), C1-C2 1.508(2), C2—-05 1.2158(17), and
C2-06 1.3164(16). Symmetry code (i): x, 1/2—y, z.

In this molecule the only C—C single bond length is 1.51 A, which is a bit shorter than classical
sp’ hybridized single bonds. Furthermore, the N1-N2 bond length are shorter (1.36 A) compared
to a common N-N bond length (~1.45 A) due to the partial double bond character resulting from
the nitramino group.* Relatively strong hydrogen bonds are observed between two carboxylic

acid functionalities. Therefore, the donor acceptor angle is 172.47° (O6—H3---O5) and the donor
acceptor distance is 2.71 A (06-H3---05).

Figure 3.2 Thermal ellipsoid plot (50%) for the single-crystal X-ray structure of NABTNE. Selected
bond lengths [A]: N5-O10 1.234(6), N4-N5 1.363(7), C5-N4 1.444(7), C5-C6 1.510(7), C6-O11
1.180(6), C6-012 1.357(7), C7-012 1.416(6), C7-C8 1.512(8), N7-C8 1.511(8), and N7-0O15
1.200(7).

Colorless needles of NABTNE, which crystallized in the triclinic space group P—1, were
obtained from dichloromethane at ambient temperature (Figure 3.2). It contains four formula units
in a cell and a density of 1.82 g cm ™ at 153 K. The bond lengths of the C—C (1.51 A) and the N4—
N5 (1.36 A) bonds correspond very well with the values found in the crystal structure of the

nitraminodiacetic acid. The trinitromethyl moiety is found to arrange in a propeller like motif,
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which optimizes the non-bonded intramolecular attractions and electrostatic repulsion of two
neighboring nitro groups., whereby intramolecular N---O attractions (N1--O3, N2---O5, N3--02;
N6--017, N7---013, N8--016) are found.** Furthermore, the distances of these are attractions are
2.54-2.61 A, which is shorter than the sum of the van der Waals radii for nitrogen and oxygen
(3.07 A). Between the nitrogen of the trinitromethyl functionality N3--O7, as well as N6--012,
other relatively strong N---O attractions are found with 2.69-2.72 A. In addition, the distances of
the N4--O8 and N4--O11 are 2.76 A, shorter than their sum of the van der Waals radii. The
extensive strong short attractive interactions might be one reason for the good thermal stability of

NABTNE.

3.3.4 Physical and Energetic Properties

The physical and energetic properties of the compounds were determined and as both
trinitroethyl esters MaBTNE (1) and NABTNE (2) are very attractive materials to be considered
as potential oxidizers, compared to the common oxidizer for solid rocket propellants, AP (Table

! revealed

3.1). The thermal stability measurements using DTA at a heating rate of 5 K min~
decomposition points higher than 150 °C, which is the benchmark temperature for HEDOs.
Melting prior to decomposition is observed for both compounds. Friction and impact sensitivities
are especially important for the manipulation of energetic materials and were evaluated according
to BAM standards, thereby the trinitroethyl esters are considered less sensitive compared to PETN
(IS=3-4), FS=80N). The good density values also result in high detonation velocities of
8263-8415ms™" which are almost in the range for the secondary explosive PETN
(pentaerythritol tetranitrate, Vae = 8525 ms™').** One of the determining parameters for HEDOs is
the specific impulse . It is used to evaluate the performance of the high energy dense oxidizer
and furthermore the performance of the solid rocket propellant. A classical AP based mixture of
AP/AI/HTPB of 68/18/14% leads to values of 259 s according to version 6.03 of EXPLOS. In the

mixtures of both compounds with various common binders and varying amounts of aluminum,

values of specific impulses similar as in the region of optimized mixtures for AP were obtained.
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Table 3.1 Physical and energetic properties of MaBTNE and NABTNE compared to AP.

MaBTNE  NABTNE AP
Formula C7HeNgO1s  CsHgNgOg NH,4CIO4
Toner [°C] 55 151 —
Taec [°C]™ 157 180 240
IS [J]t 5 6 20
FS [N« 252 252 360
N [%]e 19.5 222 11.9
O [%]0 59.6 57.1 54.5
Qco [%]® 223 19.1 34.0
Qcoz [Ya]™ 3.7 6.4 34.0
p [g em 3] 1.76 1.78 1.95
AH; [kJ mol '] ~759 -691 296
pes [kbar] 286 302 183
Vier [m 5710 8263 8415 6810
I, [s]™ 240 246 155
Lip [s]" (AL 14% 259 261 259

binder)

[a] Onset melting Tmer: and [b] onset decomposition point Tue from DTA measurement carried out at a heating rate of 5 °C min™".

[c] Impact sensitivity. [d] Friction sensitivity. [e] Nitrogen content. [f] Oxygen content. [g] Oxygen balance assuming the
formation of CO and [h] CO: [i] RT densities are recalculated from X-ray densities. [j] Enthalpy of formation calculated by the
CBS-4M method. [k] Predicted detonation pressure and [1] detonation velocity using EXPLOS (Version 6.03).%¢ [m] Specific
impulse of the neat compound using the EXPLO5 (Version 6.03) program package at 70.0 bar chamber pressure. [n] Specific
impulse for compositions with oxidizer, aluminum, and 14% most promising binder (MaBTNE: 3,3,-bis(azidomethyl)oxetane
[BAMO], 17.5% Al; NABTNE: BAMO, 16% Al; AP: Hydroxyl-terminated polybutadiene [HTPB]; 18% Al, for detailed plots,
see Appendix A3)

3.3.5 Thermal Decomposition Characteristics and Kinetics

As all energetic materials, NABTNE is a potentially self-reactive substance which can undergo
self-accelerated decomposition upon heating, releasing large amounts of heat and hot gasses and
ultimately resulting in serious runaway reactions. To evaluate a possible production and
application of NABTNE in larger scale, it is of great importance to study the thermal
decomposition characteristics and kinetics. In addition to the synthesis and characterization, a
series of TGA measurements at various heating rates was performed, providing a dataset to
develop kinetic models. The models are based on different theoretical approaches as shown in
ASTM 698, Friedman and Flynn—Wall-Ozawa.*’’

The ASTM kinetics approach relies on assuming first order reaction kinetics. Deriving the
obtained TGA data and determining the peak temperature 7, for each heating rate, the method

also assumes a constant extent of the reaction rate at 7;,, which is independent of the heating rate.
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Using a set of heating rates f and plotting In(f) against 1/T, results in a straight line, which slope
is proportional to the activation energy.

A drawback of this method is to oversimplify complex, multi-stage decomposition processes
by assuming first order kinetics as well as constancy of the activation energy.*® Therefore, other
“model-free” approaches can be employed. These assumptions utilize the dependence of
activation energy E, and preexponential factor A on reaction progress o by an isoconversional

method, which can be described by equation (1):
d Egq(a)
B = A@exp (22 f (@) (1)
The Ozawa-Flynn-Wall approach uses the integral dependence for solving equation (1):

_ (lda _ A(a) (T E(a)
9@ = Jy 7= 5 I, exp (—?) dT 2)

Using the approximation by Doyle*' and rearranging equation (2) gives equation (3):

log(B) = log (%) — 2315 — 0.4567 22 3)

When plotting log(f) against 1/T for different values of a, straight lines are obtained, which
allow calculation of 4 and E,. In contrast to Ozawa-Flynn-Wall, Friedman proposed differential
methods for solving equation (1). Using the logarithm of the isothermal rate law gives equation
(4), a plot of In(da/d¢) vs. 1/T for each a then allows to determine £, and A-f(a) from the slope and

intercept:
In (%) = In(4 f(@)) — = (4)

In order to obtain precise measurements for kinetic analysis, TGA measurements of NABTNE

"and air

with sample masses between 2 and 3 mg using heating rates of 0.5, 1, 2, 4 and 8 K min~
as purge gas were performed (see Figure 3.3). All data analyses were carried out with the help of
AKTS thermokinetics software, version 5.2.* The TGA curves of NABTNE show good thermal
stability with a sharp mass loss of approx. 70-80% shortly after onset of decomposition, which is
continued by a slower, second process that leads to a final overall mass loss of —82.95 £ 1.6%.

Integration of measurement data and further data analysis allowed the development of a model to
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describe the kinetic behavior. In Figure 3.4, the measured reaction rates are plotted against the
temperature for every heating rate (colored lines) together with simulated signals of the developed
model (dashed lines). Very good correlation of simulation and measurement was achieved,
reaching a correlation coefficient R of 0.99112. In Figure 3.5, the activation energies E,
determined according to Friedman, Flynn-Wall-Ozawa and ASTM E698 methods are shown. Due
to the simplifications in the ASTM method, only one generalized activation energy of
152.11 kI mol™" over the whole decomposition process was determined. Because of different
mathematical approaches for solving the isoconversional equation (2), results for activation
energy determination by Friedman and Flynn-Wall-Ozawa are slightly different. Analyzed with
Friedman approach, the activation energy starts at a level of 196 kI mol™' (& =0,5%) shows a
peak maximum of 226 kJ mol™" at & = 0,9% followed by sharp drop to 170 kJ mol™'. From a =2
to 84%, E, decreases in linear fashion to a value of 96 kJ mol™'. The final decomposition process
is characterized by a drop in E, to 68 kJmol™" at a=89%, followed by somewhat irregular,
stepwise increase to a final value of 141 kJ mol™'. Using Ozawa-Flynn-Wall method the overall
course of E, vs. a is similar to the described behavior with the exception that values for F, are

higher, the difference becoming more prominent from a = 20% to a = 80% (see Table 3.2).

100 — 0.5 °C/min

1 — 1 °C/min
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© 404
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Figure 3.3 TGA plots of NABTNE at different heating rates.
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Figure 3.4 Reaction rates of NABTNE at various heating rates. Straight lines show measured data,
dashed lines are simulations from the devlopped kinetic model.
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Figure 3.5 Activation energy of NABTNE decomposition determined with different methods.

Table 3.2 Activation energies at different states of the reaction progress.

a [Y%]
0,5 1 10 30 50 70 95

E, [kJ/mol] 2204 2063 177.8 1645 1544 1442 1193
Ozawa

E, [kJ/mol] 195.0 2189 169.6 1508 136.6 1148 118.7
Friedman

The established kinetic model based on differential isoconversional methods according to
Friedman was used to simulate the long-term stability of NABTNE with the AKTS
thermodynamics software package. Figure 3.6 shows simulated mass loss curves for various
isothermal conditions (note the logarithmic scale of x-axis), Figure 3.7 is a detailed plot of the
reaction progress up to a = 5% to show early decomposition onset processes. It can be seen that
NABTNE is highly stable at typical temperatures used in explosives and propellants: even
constant storage at 80 °C (which is 9 °C higher than the maximum described in NATO
Standardization agreements for ammunition®) for 1000 days shows no significant decomposition
reactions and even after a hypothetical 21.000 days, the conversion level would be 1%.
Simulating high temperature stress levels of 140 °C, it would take 1.78 h until a conversion level
1% is reached.

The presented data ought to be supported by heat-flow measurements based on a series of DSC
experiments at different heating rates. Autocatalytic and self-heating processes as well as
extended evaluation of behavior at large-scale, quasi-adiabatic conditions should be taken into
account (Appendix A3). Close examination of measurement results show that the main
exothermic signal is accompanied by a preceding endothermic signal, rendering exact peak
separation and overall data evaluation too inaccurate (R <0.96). In order to develop firm and
precise kinetic models based on heat flow experiments, extensive long-term measurements (e.g.

by heat flow calorimetry at constant temperatures) are suggested. Nevertheless, the presented data
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and simulation give reliable estimations of the thermal stability and long-term behavior of

NABTNE.
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Figure 3.6 Simulation of NABTNE decomposition at different temperatures in isothermal conditions.
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Figure 3.7 Simulation of reaction progress of NABTNE at different temperatures in isothermal
conditions.

3.4 Conclusion

In this contribution two trinitroethyl esters were synthesized from commercially available
starting materials in straightforward synthetic protocols. Thereby, the thorough examination
revealed especially for NABTNE promising characteristics. such as oxygen balance of
Qco = 19.1%, melting point of Timet > 150 °C and comparable performance to AP (/;, in optimized
mixtures = 261 s). Moreover, activation energies were determined according to Friedman, Flynn-
Wall-Ozawa and ASTM E698 methods based on a series of TGA measurements. According to the
simulations with the AKTS thermodynamics software package concerning a long-term stability,

initial and promising results were obtained for NABTNE as a stable energetic material.

3.5 Experimental Details

Caution! Both trinitroethyl esters are potentially energetic materials. Although no hazards

occurred during synthesis and manipulation, appropriate personal protection equipment such as
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face shield, ear protection, Keviar® gloves, as well as a plastic spatula, should be used all the

time.

Malonic acid bis(2,2,2-trinitroethyl ester) MaBTNE (1)

Malonic acid (165 mg, 1.58 mmol) was suspended in 3 mL trifluoroacetic anhydride and
trinitroethanol was added (610 mg, 3.40 mmol). After 1.5 h at room temperature, the reaction
mixture was poured on a cooled aqueous solution of KoHPO, (10 mL, ¢ =1 M). The resulting
ester was stirred at 0 °C until it solidified. After recrystallization from water/methanol MaBTNE
(1) was obtained as colorless solid in 43% yield (292 mg).

DTA (5°C min', onset): 57 °C (mp.), 155 °C (dec.). '"H NMR (CD;CN, 399.8 MHz): 6 =
5.60 (s, 4H, CH,), 3.68 (s, 2H, CH,) ppm. *C{'H} NMR (CD;CN, 100.5 MHz): 6 = 164.3 (CO),
124.5 (C(NO»)3), 62.0 (CHz), 40.6 (CHy)ppm. “N NMR (CD;CN, 28.9 MHz): 6 = —34
(NO2) ppm. IR (ATR, cm™"): 3017 (w), 2974 (w), 2895 (w), 1795 (m), 1764 (m), 1582 (s), 1444
(w), 1410 (w), 1390 (m), 1330 (m), 1265 (m), 1297 (s), 1169 (m), 1125 (s), 1057 (m), 958 (w),
877 (w), 855 (m), 817 (m), 794 (m), 776 (s), 639 (m), 599 (m), 572 (w), 541 (m), 435 (w).
Raman (1064 nm, 800 mW, cm™"): 3005 (16), 2960 (39), 1798 (9), 1786 (15), 1767 (9), 1611
(32), 1445 (11), 1410 (12), 1391 (24), 1356 (38), 1305 (32), 1265 (11), 1171 (7), 1093 (6), 1051
(16), 1005 (7), 959 (9), 928 (13), 895 (7), 877 (8), 858 (101), 822 (5), 801 (7), 781 (6), 681 (4),
643 (8), 602 (4), 543 (16), 436 (15), 412 (39), 374 (66), 298 (9), 284 (13), 241 (4). EA
(C7HNgO16, 430.15 gmol™'): C 19.55, H 1.41, N 19.54%; found: C 19.65, H 1.41, N 19.37%. IS:
5 J (grain size 100-500 um), FS: 252 N (grain size 100-500 um).

Nitraminodiacetic acid

Method A: Into fuming nitric acid (5 mL, >99.5%) iminodiacetic acid (500 mg, 3.76 mmol)
was added in small portions at 0°C. The mixture was slowly allowed to warm to room
temperature and stirred at this temperature for 24 h. The solution was poured onto 75 mL of ice
water and extracted with ethyl acetate (3 x 20 mL) and the combined organic phases were washed
with water (25 mL) and brine (25 mL). After drying with magnesium sulfate, the solvent was
removed under reduced pressure to get a colorless solid; 146 mg nitraminodiacetic acid was
obtained in 22% yield without further purification.

Method B: Nitraminodiacetic acid diethyl ester was synthesized according to literature
procedures.*** The ester (1.00 g, 4.27 mmol) was suspended in hydrochloric acid (37%, 25 mL)
and afterwards refluxed for 6 h. After evaporating the solvent, nitraminodiacetic acid was
obtained in quantitative yield as colorless solid.

DTA (5 °C min', onset): 138 °C (mp.), 154 °C (dec.). "H NMR ((CDs),CO, 399.8 MHz): 6 =
4.70 (CH) ppm. “C{'H} NMR ((CD;),CO, 100.5 MHz): 6 = 168.4 (CO), 53.7 (CH,) ppm. “N
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NMR ((CDs),CO, 28.9 MHz): 6 = =30 (NO>) ppm. IR (ATR, cm™): 2967 (w), 1720 (s), 1561
(m), 1418 (m), 1401 (s), 1343 (m), 1304 (m) 1279 (m), 1212 (s), 1189 (s), 1136 (m), 1093 (m),
960 (m), 880 (m), 840 (m), 774 (s), 739 (m), 681 (W), 652 (m), 627 (s), 556 (W), 473 (W), 431 (w).
Raman (1064 nm, 800 mW, cm™'): 3007 (46), 2965 (65), 2912 (8), 1683 (13), 1568 (7), 1541 (5),
1464 (12), 1439 (8), 1396 (7), 1362 (26), 1329 (8), 1315 (25), 1288 (22), 1214 (9), 1127 (14), 976
(17), 927 (14), 883 (100), 770 (4), 681 (9), 655 (11), 631 (19), 555 (9), 451 (12), 403 (26), 353
(21), 338 (13); EA (C4HgN>Og, 178,10 g mol™"): C 26.98, H 3.40, N 15.73%; found: C 26.95, H
3.41, N 15.51%. IS: >40 J (grain size 100-500 um); FS: 360 N (grain size 100—500 pum).

Nitraminodiacetyl dichloride

Nitraminodiacetic acid (150 mg, 0.84 mmol) and oxalyl chloride (240 mg, 1.89 mmol) were
added to 15 mL dichloromethane under exclusion of moisture. After addition of catalytic amounts
of dimethyl formamide, the reaction mixture was stirred for 1 h at ambient temperature and was
afterwards refluxed for 3 h under nitrogen atmosphere. After removing the solvent in vacuo
177 mg of reddish nitraminodiacetic acid chloride was obtained (98% yield).

'"H NMR (CDCl;, 399.8 MHz): 6 = 4.94 (s, 4H, CH,)ppm “C{'H} NMR (CDCl;,
100.5 MHz): 6 = 168.4 (CO), 60.5 (CH,) ppm "*N NMR (CDCl;, 28.9 MHz): § = —36 (NO,) ppm
IR (ATR, cm™): 3566 (W), 2997 (w), 2954 (w), 1797 (s), 1785 (s), 1537 (m), 1429 (s), 1379 (s),
1351 (m), 1331 (m), 1309 (m), 1275 (s), 1183 (m), 1121 (m), 1005 (m), 974 (m), 950 (m), 928
(s), 779 (m), 764 (s), 631 (s), 479 (m), 458 (s).

Nitraminodiacetic acid bis(2,2,2-trinitroethyl ester) NABTNE (2)

Method A: 362 mg of nitraminodiacetic acid chloride (1.68 mmol) and 609 mg of 2,2,2-
trinitroethanol were dissolved in dry dichloromethane (40 mL) and aluminum chloride (246 mg,
1.85 mmol) was added. The mixture was stirred for 1 h at ambient temperature and for 4 h at
40 °C under exclusion of moisture. After cooling to room temperature, hydrochloric acid (30 mL,
2 M) was added and a solid precipitated. The solid was collected using filtration and washed with
ice-water, whereas the remaining solution was extracted with dichloromethane (2 x 30 mL) and
washed with brine (30 mL). After removing the solvent under reduced pressure, the collected
solid was combined with the filtrate and recrystallized twice from boiling dichloromethane.
NABTNE (2) was obtained as colorless solid in 20% (174 mg) yield.

Method B: 303 mg of nitraminodiacetic acid (1.70 mmol) was suspended in 40 mL dry
dichloromethane and 481 mg (3.79 mmol) of oxalyl chloride was added. After the addition of
catalytic amounts of dimethyl formamide the reaction mixture was stirred for 30 minutes at room
temperature and was refluxed for further 3 h. The resulting solution was cooled to room

temperature and 619 mg (3.42 mmol) trinitroethanol and 253 mg (1.89 mmol) AlCl; were added
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and further refluxed for 4 h. The mixture was kept continuously under nitrogen atmosphere. The
work up was carried out as described in method A and resulted in 109 mg of NABTNE (13%
yield).

"H NMR (CD;CN, 399.8 MHz): J = 5.64 (s, 4H, CH,), 4.65 (s, 4H, CH,) ppm. *C{'H} NMR
(CDsCN, 100.5 MHz): 6 = 165.6 (CO), 124.7 (C(NO»)s), 62.1 (CH>), 53.7 (CHz) ppm. "*N NMR
(CDsCN, 28.9 MHz): 6 = =34 (NO,), -31 (NO2) ppm. IR (ATR, cm™): 3005 (w), 1778 (m), 1590
(s), 1534 (m), 1437 (m), 1391 (m), 1290 (s), 1189 (s), 1163 (s), 1103 (w), 1048 (w), 1005 (w),
950 (m), 874 (m), 855 (m), 805 (m), 780 (s), 765 (s), 635 (m), 545 (s), 444 (w), 416 (w). Raman
(1064 nm, 800 mW, cm™'): 3013 (28), 2996 (39), 2968 (71), 2960 (60), 1781 (28), 1618 (41),
1601 (34), 1439 (22), 1393 (29), 1374 (52), 1352 (40), 1305 (52), 1293 (59), 1278 (24), 1196
(16), 1108 (16), 1088 (17), 1052 (28), 914 (31), 881 (77), 857 (82), 632 (15), 556 (15), 547 (23),
441 (14), 416 (65), 400 (48), 386 (38), 376 (100), 334 (14), 292 (22), 274 (16), 231 (17). EA
(CsHsNsOss, 504,19 g mol™'): C 19.06, H 1.60, N 22.22%; found: C 18.97, H 1.67, N 22.26%; IS:
6 J (grain size 500-1000 um); FS: 252 N (grain size 500-1000 wm).
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Azoles with Trinitroalkyl Substitution

4.1 Abstract

Two N-substituted trinitroalkyl azoles, one triazole and one tetrazole, were synthesized and
isolated via efficient cyclization reactions. Both materials were thoroughly characterized, and
their structures were confirmed by X-ray diffraction. The formation of the N-trinitroethyl
substituted triazole proceeds unexpectedly via nitrosation of an N-substituted diaminomaleonitrile
initially with HNOs and subsequently confirmed with HNO,. The N-trinitropropyl substituted
tetrazole was prepared via a standard cyclization route from trinitropropylammonium chloride

with orthoformate and azide.

4.2 Introduction

The trinitromethyl group is an important building block in the research for new energetic
materials with good availability of the sources nitroform or trinitroethanol.' In combination with
already oxygen-rich energetic materials, many potent replacements for the common but harmful®
oxidizer ammonium perchlorate were investigated, such as trinitroethyl nitrocarbamate (A) and
bis(trinitroethyl)oxalate (B)." * In the ongoing research to replace the secondary explosive RDX,
the combination of the trinitromethyl moiety with different azoles results in interesting
compounds (Figure 4.1) (C—F).® In general, either trinitroethanol was reacted with heterocyclic
amines to incorporate the trinitromethyl unit®° or the exhaustive nitration of activated methylene
groups forms the trinitromethyl moiety e.g. in azolylacetic acids.* " '° However, only very sparse
information exists about azoles with nitrogen substituted trinitroalkyl units.” '* '' In those few
examples, rather sensitive N-trinitromethyl triazoles were obtained either by exhaustive nitration
mentioned above, or by nitration of dinitromethyl derivatives with nitronium tetrafluoroborate.
The N-substitution with longer trinitroalkyl chains, such as trinitroethyl and trinitropropyl units,
should provide better thermal and mechanical stability'?, but none have been described to the best
of our knowledge. The low reactivity of deactivated aromatic azoles seems not sufficient enough
to react with nitroform or trinitroethanol.’*”'* At the same time, trinitromethyl containing starting

16, 17

materials tend to be chemically rather labile'™ '/, particularly against bases and high temperatures,

which prevent many ring closing mechanisms of functional groups.'®
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4.3 Results and Discussion

4.3.1 Synthesis

o} 0 NO, NO, NO

H 2
O,N o) NO, A _ NO
OZNH/\O)J\N’NO2 ? ﬁ/\oj\[( NO, N7 NN <\g?

O2N H OZN >=/
NO, NO, o)
O,N
A B c

NH
NO, 2 NO, H NO
N N :
O~ W/%NNOOZ '\')\,N/%N’\loo2 N* NN ANO;
HN-N 2 =N 2 N=/ NO,
D E F

Figure 4.1 Oxygen-rich materials: trinitroethyl nitrocarbamate (A), bis(trinitroethyl)oxalate (B), 2,4-
dinitro-N-(2,2,2-trinitroethyl)-1H-imidazol-1-amine (C), 5-nitro-3-trinitromethyl-1H-1,2.4-triazole (D),
3-nitro-1-trinitromethyl-1H-1,2,4-triazol-5-amine (E) and 1-(2,2,2-trinitroethylamino)tetrazole (F).

In this contribution, pathways to two polyazoles with N-substituted trinitroethyl and
trinitropropyl moieties are reported and their properties examined. In both cases, a trinitromethyl

containing precursor was selected to further cyclize to a triazole and a tetrazole (Scheme 4.1).

C(NO2)3
HCHO ZAN
~ /\
H2N o NH; HC(NO,), H2N . NH HNO3 N}_(N C(NOy)3
NC: /\CN r.t., 30 min NC; ;CN -10°C,1h  NC CN
1 2 3
HC(OEt),
NaN3

HOAG =N
(OZN)3C\/\NH3+ o —— NTONTN_CNOy)
60°C,6h  Nsy

4 5

Scheme 4.1 Synthesis of 4,5-dicyano-1N-(trinitroethyl)-1,2,3-triazole (3) and 1N-trinitropropyl tetrazole
(5) from the precursors diaminomaleonitrile (1) or trinitropropylammonium chloride (4).

Diaminomaleonitrile (1 was converted quantitatively into amino-
(trinitroethylamino)maleonitrile (2) by reaction with formaldehyde and nitroform in aqueous
solution. Without further purification, nitration was performed in white fuming nitric acid.
Surprisingly, the originally intended nitration at the NH»-group of 2 was not observed, but a
cyclized product, which was identified as 4,5-dicyano-1N-(trinitroethyl)-1,2,3-triazole (3), was
isolated. The substituted maleonitrile 2 turns very sensitive upon thorough drying and may

deflagrate spontaneously without external stimulation, which occurred once in our laboratory
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during storage. The triazole 3 is still very sensitive towards impact (2 J) and moderately sensitive
to friction (216 N), but is stable in air at room temperature for at least several months.

Primary amines undergo heterocyclization with triethyl orthoformate and sodium azide in
acetic acid. This facile synthetic route yields N-substituted tetrazoles in good yields."” Our
precursor, 3,3,3-trinitropropyl amine as the HCl-salt (4),* undergoes the cyclization reaction at
60 °C for 6 hours. Simple work-up procedures afforded 1N-trinitropropyl tetrazole (5) as an

orange-colored solid.

4.3.2 NMR Spectroscopy

The substituted maleonitrile 2 starts to decompose quickly in several deuterated solvents.
However, reasonable spectra were obtained from acetonitrile CDsCN. The '"H NMR spectrum
shows three resonances at 5.1 ppm (br), 4.65 ppm (d) and 4.08 ppm (t). In the “C{'H} NMR
spectra the expected six resonances are observed. The N NMR spectrum shows the signal for the
nitro groups at —31 ppm. NMR spectroscopy of the triazole 3 in deuterated acetone reveals a
singlet at 7.02 ppm in the '"H NMR spectrum and six resonances in the range between 128.2 and
51.3 ppm in the “C{'H} NMR spectrum, including the typically broadened signal for the
trinitromethyl carbon atom. The "N NMR spectrum shows the resonance at —35 ppm for the nitro
groups.

The tetrazole 5 shows the acidic tetrazole hydrogen resonance at 9.41 ppm and the methylene
resonances at 5.00 and 4.20 ppm in the 'H NMR spectrum. In the *C{'H} NMR spectrum the
four carbon resonances are in the expected range between 144.4 ppm for the azole carbon atom
and 32.3 ppm for the methylene group. In the "N NMR spectrum the nitrogen atoms of the
tetrazole ring and the trinitro moiety are detected at 12.4 (N4), —14.6 (N2/N3), —29.9 (C(NO>)3),
=52 (N3/N4) and —147.5 ppm (N1).

4.3.3 Single Crystal Structure Analysis

Suitable single crystals for X-ray diffraction of triazole 3 were obtained from aqueous work up
by evaporation at ambient temperature. The 4,5-dicyano-1N-(trinitroethyl)-1,2,3-triazole (3)
crystallizes in the monoclinic space group P2/n with four molecules per unit cell and a density of

1.72 g ecm™ at 173 K (Figure 4.2).
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Figure 4.2 X-ray molecular structure of 4,5-dicyano-1N-(trinitroethyl)-1,2,3-triazole (3). Thermal
ellipsoids represent the 50% probability level. Selected atom distances (A) and angles (deg.): C1-C4
1.419 (3), C4-N5 1.135 (3), C1-C2 1.368 (3), C1-N1 1.337 (3), N1-N2 1.346 (2), N2-N3 1.304 (3),
C2-N3 1.362 (3), N1-C5 1.460 (3); C2—C1-C4 130.9 (2), C1-C4-N5 179.2 (2), C1-C2-C3 128.0 (2),
C2-C3-N4 178.1 (3), C1-N1-C5 129.6, N2-N1-C5 120.1, N1-C5-C6 114.0 (2); C1-N1-N2-N3 —0.4
(2), NI-N2-N3-C2 0.6 (2), N2-N3-C2—C1 —0.7 (2), N2-N3—-C2-C3 —179.5 (2), N2-N1-C1-C4 178.9
(2), C5-N1-N2-N3 —177.4 (2).

In the solid state, the triazole ring forms an almost planar system with the two nitrile
substituents (torsion angles along the triazole ring less than 1 °, N2-N3-C2-C3 —179.5 °). The
trinitromethyl unit forms the typical propeller-type structure.”’ The molecule contains no classical
proton donor, therefore strong hydrogen bonds are absent. Some weak intermolecular hydrogen
bonds can be found between the methylene group as proton donor and neighboring nitro oxygen
atoms or nitrile nitrogen atoms as proton acceptors (C5-H2---O4, d(D-H) = 0.94 A, d(H---A) =
249 A, <(D-H---A) = 141.0 °).”!

Suitable single crystals of tetrazole 5 were obtained from ethyl acetate at ambient temperature.
The 1N-trinitropropyl tetrazole crystallizes as yellow platelets in the monoclinic space group

P2,/c with four formula units per unit cell and a density of 1.75 g cm™ at 143 K (Figure 4.3).

Figure 4.3 X-ray molecular structure of 1/N-trinitropropyl tetrazole (5). Thermal ellipsoids represent the
50% probability level. Selected atom distances (A) and angles (deg.): C2-C3 1.528 (3), C3-C4 1.499
(2), C1-N1 1.327 (3), C1-N4 1.308 (2), C4-N5 1.522 (3), C4-N6 1.535 (2), C4-N7 1.525 (3), N1-N2
1.343 (2), N2-N3 1.291 (2), N3-N4 1.358 (3), N5-O1 1.217 (2), N5-02 1.214 (2), N6-03 1.214 (2),
N6-04 1.213 (2), N7-05 1.210 (3), N7-06 1.219 (2), N1-C2-C3 108.23 (2), C2-C3-C4 117.34 (2),
C3—C4-N5 116.06 (1), C4-N5-01 115.06 (1), C2-N1-N2 121.14 (2), C2-N1-C1 130.94 (2), N1-C2—
C3—-C4 165.32 (2), C2—C3-C4-N6 —176.89 (2), N1-N2-N3-N4 —0.07 (2), N2-N3-N4-C1 —0.12 (2),
C2-N1-C1-N4 —179.18 (2).
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The aromatic tetrazole is almost planar as shown by the torsion angles N1-N2-N3-N4 —0.07 °
and N2-N3-N4-C1 —0.12 °. As already mentioned for 3, the structure of the 5 reveals the typical
propeller-type structure of the trinitromethyl unit.”’ Compared to common C-N bond lengths
(1.47 A),” the C-N bonds in the trinitromethyl moiety are in the range of 1.53 A, which is
significantly longer. This may result from steric repulsion of the proportionally large nitro groups

around the carbon atom C4.

4.3.4 Thermal Stabilities and Energetic Properties

DTA measurements of the heterocycles indicate a decomposition point of 132 °C for triazole 3
and of 125 °C for the tetrazole 5, which additionally melts at 66 °C. Calculation*** of enthalpies
on CBS-4M level led to heats of formation of —1117 kJ mol™" (3) and 227 kJ mol™' (5), which
were further used for EXPLOS calculations®® ?’ to estimate the detonation parameters. The
triazole 3 and the tetrazole 5 show detonation velocities (Vpe) of 4557 ms™' and 8388 ms ™',
respectively. Furthermore, the detonation pressure (pcy) was determined (pcy= 55 kbar (3) and
pcr= 293 kbar (5)). The energetic parameters of 5 are promising and almost in the range of PETN

(pentaerythritol tetranitrate, Vpe=8405ms'

and pcy= 319 kbar), a commonly used secondary
explosive. In addition, the specific impulse /s,, a benchmark for composite propellants in rocket
engines, was predicted for 5. Neat 5 (I, =278 s) and mixtures with 15% aluminium and 14%
binder (I, =252 s) are in an appropriate range. The nitrile units of the triazole 3 reduce the
energetic parameters significantly with the tremendous high enthalpy of formation and the
unfavorable influence on the oxygen balance. A further derivatization of 3 however could
possibly give access to a variety of potential energetic materials.

Since the treatment of 2 with HNO; surprisingly yielded a triazole 3, which could be due to
nitrosation, control experiments were carried out by using nitrite in HCl and H,SOs4. And indeed,
with both systems the formation of the identical triazole 3 was observed, which is reported for
other triazoles.”® Therefore we conclude, that in the initial HNOs approach sufficient amounts of
the nitrosonium cation NO" prevail and react with the maleonitrile 2. The formation of NO" in
white fuming HNOs can be explained by the presence of some nitrogen dioxide NO,, which is
known to disproportionate to nitrite and nitrate.”” Subsequently, the unstable nitrous acid HNO; is

the precursor for the nitrosonium cation after water elimination.

4.4 Conclusion

Two hitherto unknown azoles with N-substituted trinitroalkyl units have been synthesized in
this study. The 4,5-dicyano-1N-(trinitroethyl)-1,2,3-triazole (3) was formed unexpectedly by
nitrosation. The 1N-trinitropropyl tetrazole (5) was obtained by cyclization of

trinitropropylammonium chloride with sodium azide and triethyl orthoformate, leading to the first
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isolated N-substituted trinitroalkyl tetrazole. The energetic properties of 5 are in the range of

PETN, a commonly used secondary explosive.

4.5 Experimental Section

4.5.1 General Information

All chemicals were used as received from the suppliers. Raman spectra were recorded with a
Bruker MulitRAM FT-Raman spectrometer using glass tubes or metal plates. A Nd:YAG laser
excitation up to 1000 mW (at 1064 nm) in the range between 400 and 4000 cm ™' was used. The
intensities are reported as percentages of the most intense peak and are given in parentheses.
Infrared (IR) spectra were measured with an ATR device at ambient temperature (20 °C).
Transmittance values are qualitatively described as “strong” (s), “medium” (m) and “weak” (w).
The NMR spectra were recorded with a 400 MHz instrument and chemical shifts were determined
relative to external MesSi ('H, 399.8 MHz, "°C, 100.5 MHz) and MeNO, (**N, 28.9 MHz, "N,
40.6 MHz) at ambient temperature. The melting and decomposition points were measured with an
OZM Research DTA 552-Ex with a heating rate of 5 °C min' in a temperature range of 20 to
400 °C. They were also checked with a Biichi Melting Point B-540 apparatus. Sensitivity data
were determined using a BAM drophammer and friction tester. Single-crystal X-ray diffraction
was performed with an Oxford XCalibur3 diffractometer equipped with a Spellman generator and
a KappaCCD detector operating with Mo K, radiation (A =0.71073) at low temperatures. The
data collection was realized by using CRYSALISPRO software, structures were solved by direct
methods (SIR-92 or SIR-97) implemented in the program package WINGX®' and finally checked
using PLATON.*?> All non-hydrogen atoms were refined anisotropically, hydrogen atom positions
were located in a difference Fourier map.* Crystallographic data for the reported structures in this
contribution have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication numbers CCDC 1587493 (3) and CCDC 1822024 (5). The Cambridge
Crystallographic ~ Data  Centre  provides these data free of charge via

www.ccdc.cam.ac.uk/data_request/cif.

4.5.2 Synthesis

CAUTION! These materials are energetic compounds with sensitivity to various stimuli,
especially the maleonitrile 2 and the triazole 3 should be treated with caution. While no serious
issues in the synthesis and handling of this material were encountered, proper protective measures
(face shield, ear protection, body armor, Kevlar gloves and grounded equipment) as well as a

plastic spatula, should be used all the time.
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Amino-(trinitroethylamino)maleonitrile (2)

This compound deflagrated spontaneously without external stimuli when thoroughly dried.
Therfeore, it should be handled at least slightly moistened and with great caution!

Diaminomaleonitrile (1, 1.08 g, 10 mmol) was added to 40 ml of H,O. To the slurry 8.31 g of
an aqueous nitroform solution (40%, 22 mmol) and 1.8 ml of a formaldehyde solution (37% in
water, 22 mmol) were added with stirring. Within 15 minutes the colour of the slurry turns from
brown to orange and amino-(trinitroethylamino)maleonitrile (2.7 g, 99%) was obtained in high
yield and purity by filtration and repeated washing with cold water. After hours to days exposed
to air and humidity the substance will turn red and decompose slowly.

DTA (5°C min"): 67 °C (onset dec.); IR (ATR, cm™"): v = 3362 (w), 3283 (w), 2200 (m),
2170 (m), 1589 (vs), 1488 (w), 1427 (m), 1378 (m), 1305 (s), 1266 (m), 1204 (m), 805 (m), 782
(m), 662 (W), 634 (w), 517 (w); Raman (1064 nm, 800 mW, cm™"): 2957 (6), 2604 (4), 2264 (7),
2232 (48), 2200 (100), 2158 (5), 2137 (6), 2061 (4), 1625 (15), 1592 (46), 1380 (15), 1347 (9),
857 (20), 784 (6), 642 (6), 516 (5), 476 (6), 410 (5), 377 (14), 217 (7); "H NMR (CDsCN, ppm): &
= 5.1 (br, 2H), 4.65 (d, 2H, *J('"H,'H) = 7.3 Hz), 4.08 (t, 1H, *J('"H,'H) = 7.4 Hz); *C{'H} NMR
(CDsCN, ppm): 6 = 127 (br), 122.3, 116.1, 114.9, 102.9, 50.8; "N NMR (CD;CN, ppm): 6 = —31;
EA (CHsN;Os, 271.15 g mol™"): calc.: C 26.58, H 1.86, N 36.16%; found: C 26.54, H 1.94, N

35.65%. Sensitivity tests unchecked due to extreme sensitivity in dry condition.

4,5-Dicyano-1/N-(trinitroethyl)-1,2,3-triazole (3)

2-Amino-3-(2,2,2-trinitroethylamino) maleonitrile (2, 2.7 g, 10 mmol) was slowly added to
10 mL colorless fuming nitric acid at —10 °C with good stirring, accompanied by a heavy
reaction. After one hour the red colored reaction mixture was poured on ice and 4,5-dicyano-1N-
(trinitroethyl)-1,2,3-triazole (1.56 g, 55%) precipitated as colorless powder, which was obtained
by filtration and washed several times with water.

DTA (5 °C min'): 132 °C (onset dec.); IR (ATR, cm™): v = 3007 (w), 2963 (w), 2267 (W),
1626 (m), 1599 (vs), 1457 (m), 1427 (m), 1380 (w), 1332 (m), 1289 (s), 1255 (m), 1206 (w), 1138
(w), 1071 (w), 871 (m), 857 (w), 816 (m), 789 (s), 780 (s), 719 (w), 603 (w), 543 (s); Raman
(1064 nm, 800 mW, cm™"): 3008 (3), 2963 (8), 2265 (100), 1632 (3), 1554 (29), 1457 (3), 1333
(9), 1319 (3), 1256 (11), 1137 (5), 990 (4), 859 (14), 722 (4), 651 (5), 544 (4), 503 (9), 464 (4),
446 (5), 401 (5), 373 (9), 302 (8), 258 (4), 237 (4); "H NMR (acetone-Ds, ppm): § = 7.02 (s, 2H);
BC{'H} NMR (acetone-Ds, ppm): J = 128.2, 123.3, 122.2, 109.4, 105.9, 51.3; '“N NMR
(acetone-Dg, ppm): d = —35; EA (CsHaNgOs, 282.13 g mol™'): calc.: C 25.54, H 0.71, N 39.72%;
found: C 25.68, H 0.92, N 39.69%; BAM drophammer: 2 J (<100 um); friction tester: 216 N
(<100 pm).
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Additional experiments with NaNO,/HCI/H>SO4

2-Amino-3-(2,2,2-trinitroethylamino) maleonitrile (2, 268 mg, 1 mmol) was slowly added to a
mixture of 2.5 mL water and 2.5 mL concentrated HCI or concentrated H,SO. acid with good
stirring and ice bath cooling. Sodium nitrite, NaNO, (70 mg, 1 mmol), was dissolved in 1 mL
water and slowly added. After one hour at 0 °C the slightly orange colored reaction mixture was
poured on ice and 4,5-dicyano-1N-(trinitroethyl)-1,2,3-triazole (3, 59 mg, 21% for HCIl and
64 mg, 22% for H,SO4) precipitated as colorless powder, which was obtained by filtration and
washed several times with water. Alternatively, the use of concentrated acids to form 3 did not
improve the yields. The product was identified by NMR measurements and confirmed the

previously obtained data with HNOs.

1N-Trinitropropyl tetrazole (5)

3,3,3-Trinitropropyl-1-ammonium chloride (4, 118 mg, 0.51 mmol) and sodium azide (40 mg,
0.62 mmol) were suspended in triethyl orthoformate (0.5 mL, 3.0 mmol) and concentrated acetic
acid (2 mL) was added. After heating up to 60 °C in an oil bath for 6 h, an orange precipitate was
formed. The solvent was removed and the orange residue was dried under high vacuum. The
residue was portioned between ethyl acetate (15 mL) and water (15 mL). The aqueous phase was
extracted with ethyl acetate (2 x 15mL) and the combined organic phases were washed with water
(15mL) and brine (15 mL). After drying with magnesium sulfate, the solvent was removed to
obtain an orange oil. The oil was repeatedly treated with toluene and subsequently dried under
high vacuum to obtain a red-orange crystalline solid (61.1 mg) in 48% yield.

DTA (5°C min'): 66 °C (onset mp.), 125 °C (onset dec.); IR (ATR, cm™'): v = 3139 (w),
2985 (w), 2949 (w), 2132 (w), 1737 (w), 1681 (w), 1651 (w), 1591 (vs), 1482 (m), 1427 (w),
1371 (m), 1298 (s), 1242 (m), 1198 (m), 1171 (m), 1129 (m), 1103 (m), 1055 (m), 1014 (w), 963
(w), 856 (w), 801 (s), 707 (w), 649 (m), 546 (w), 475 (w), 475 (w), 416 (w); Raman (1064 nm,
800 mW, cm™'): 3130 (35), 3045 (25), 2996 (82), 2948 (100), 2860 (12), 1616 (31), 1608 (28),
1592 (11), 1484 (15), 1409 (32), 1379 (44), 1352 (14), 1320 (26), 1306 (31), 1279 (37), 1259
(15), 1179 (23), 1136 (7), 1105 (16), 1063 (9), 1022 (33), 1006 (19), 967 (15), 907 (10), 855 (71),
774 (7), 677 (7), 647 (7), 622 (13), 521 (23), 467 (13), 410 (13), 396 (34), 378 (46), 311 (21), 269
(21), 223 (16), 212 (12); "H NMR (DMSO-Ds, ppm): 6 = 9.41 (s, 1H), 5.00 (t, 2H, *J('H,'H) =
6.9 Hz), 4.20 (t, 2H, *J('H,'H) = 6.9 Hz); “C{'H} NMR (DMSO-Ds, ppm): 6 = 144.4, 129.0,
41.5, 32.3; "N NMR (DMSO-Ds, ppm): 6 = 12.4 (d, 2J(°N,'H) = 2.9 Hz), —14.6, —29.9 (t,
3J(°N,'H) = 2.9 Hz), —51.8, —147.5 (m); EA (C4HsN;Os, 247.13 g mol™"): calc.: C 19.44, H 2.04,
N 39.68%; found: C 21.09, H 2.21, N 38.26%. BAM drophammer: 25 J (500-1000 pm); friction
tester: 360 N (500-1000 um).
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Urazine Derivatives

5.1 Abstract

Urazine is an easily accessible heterocycle from low-cost starting materials. In this
contribution a colorful palette of reactions is presented: anionic and cationic salt formation,
complexation to a transition metal and condensation with trinitroethanol. The structures of the
resulting compounds were analyzed using X-ray diffraction studies, furthermore, the materials
were thoroughly characterized using NMR spectroscopy, vibrational analysis, as well as
elemental analysis. Depending on the field of application further investigations as energetic
materials were carried out, including hot plate and hot needle, small-scale shock reactivity test
(SSRT), laser initiation tests and the estimation of the performance parameters using

EXPLO5 V6.03 and Gaussian 09.

5.2 Introduction

Urazoles (1,2,4-triazolidin-3,5-diones) are five-membered heterocycles with three nitrogen
atoms. A wide variety of aliphatic and aromatic substituents at position 4 leads to various
properties and applications. The examples shown in Figure 5.1 are mostly used for the production

of herbicides, antifungal compounds and polymeric materials.!"

O o OFO-Cn
J J O

a b Cc

Figure 5.1 Urazole derivatives: (a) 4-p-toluene-, (b) 4-p-cumene-, (c) 4-(p-tritylphenyl)-1,2,4-

triazolidin-3,5-dione.

Urazine (4-amino-1,2,4-triazolidine-3,5-dione or 4-amino-urazole) is based on urazole and is
amino substituted at position 4 (Figure 5.2). This molecule is formed by the acid-catalyzed

reaction of carbohydrazide.!

50 S0

Ty A Ty A

2Hl\llj<r\iH 2HI\IIW<’\¢11_NH
30 30

Figure 5.2 Urazole (left) and urazine (right).

2

Due to the relatively high nitrogen and oxygen content (N+O = 75.8%) on one hand, and low

carbon content on the other hand, urazine can be used as a potential building block for energetic
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materials. Even though its first synthesis dates back to Curtius and Heidenreich in 1895, this
molecule remained mostly unnoticed in the energetic materials community.”! This is quite
remarkable, because urazole (1,2,4-triazolidin-3,5-dione) and some of its metal salts, were
patented as ingredients in gas generating compositions for air-bags in 1995.1 Very recently some
reports of urazine in energetic MOFs!® and theoretical methods to evaluate metal complexes
appeared.”)

Urazine is a weak monoprotic acid and their sodium and silver salts have been reported.””! At
lower pH values, the molecule can be incorporated as a neutral ligand in 3d transition metal
complexes, in which one of the carbonyl groups and the exocyclic amine group act as
coordination sites.”™ This synthetic concept allows the syntheses of neutral or cationic complexes
with the simultaneous integration of oxidizing anions such as perchlorate, chlorate or nitrate,
leading to the formation of energetic coordination compounds (ECC). The main advantage of the
ECC concept is based on the three different building blocks (metal cation, anion and endothermic
ligands), which makes it possible to adjust the properties of the desired product by changing one
of the components. In recent years several reports set the stage for future applications of ECC."!

In order to further increase the oxygen content of several compounds, such as the heterocycle
urazine, one option would be the incorporation of the 2,2.2-trinitroethyl moiety. This unit is
usually synthesized via Mannich condensation of amine, formaldehyde and trinitromethane
(nitroform). Many compounds, mainly high energy dense oxidizers (HEDQO) with this moiety
have been prepared and characterized in the recent past (Figure 5.3). However, the trinitroethyl
group is rather sensitive towards bases and strong nucleophiles!'” and decomposes into their

precursors.['!)

0 NO, o o o

(ozN)ac/\oJ\/N\/C(Noz)3 (OZN)3C/\OJ\HJ\HJ\O/\C(NOZ)3

Figure 5.3 Examples for HEDOs with the 2,2,2-trinitroethyl group: 2,2,2-trinitroethyl 2-[nitro-(2,2,2-
trinitroethyl)amino] acetate!'?! (left) and bis(2,2,2-trinitroethyl)carbonyl-N,N-dicarbamate (right).['3]

5.3 Results and Discussion

5.3.1 Synthesis

Starting from carbodihydrazide in concentrated hydrochloric acid, 4-aminourazole (1) was
prepared as described in the literature in a one-pot synthetic protocol according to Scheme 5.1.5!
This procedure goes back to 1953 and contained outdated methods, which were adjusted to
current techniques by using a round-bottom flask and reflux condenser (instead beaker on a

heating plate). Hydrazinium chloride was formed as a by-product, which was dissolved in water,
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whereas 1 was separated to obtain a pure colorless solid in 64% vyield without further

recrystallization from hydrochloric acid.

C(NO2)3
e HCI (37%) e 0 HN
H2N‘N/U\N'NH2 _AGSre) OYN o - HClUs%) R
HC(NO,);, HCHO O
H H HN-NH ( 2)3 Y \/40
HN-NH
1 2
a) NH3 (2M)
b) NH,OH (50%)
¢) [G]2CO3
d) [AGJHCO,4 h) HCIO, (60%)
e) LiOH i) H,S0, (1M)
f) NaOH
g) KOH
NH,* 3 Hy0
NH - 2 HN-NH
2 NH;OH® 4 A &
(e] N\fo Gt 5 o '\Il O
HN-N AG* 6 NH;
1% . 12
Li 7 2H,0
Na* 8 H,0 Clo, SO,*
K" 9 H0 0 1
NH,

! j) Cu(ClOy4), - 6 H,O
\740 ™ [Cu(ClO4)(CaH4N4O5);]
H,O / HCIO,4 (1M)

1 12

Scheme 5.1 Synthetic overview towards urazine based materials 1-12.

The formation of 4-[(2,2,2-trinitroethyl)amino]-urazole (2) was achieved by the acid-catalyzed
reaction of 1 with an aqueous solution of nitroform (30%) and formaldehyde (37%). Stirring at
ambient temperature overnight resulted in 2 as a colorless solid, which could be isolated in 62%
yield after filtration.

Due to the ability of urazine to act as a weak monoprotic acid, the salt conversion was
performed with different bases, by dissolving 1 in a minimal amount of water and adding the base
under constant stirring, which was continued at ambient temperature for 30 min to 1 h to obtain
the dissolved salts 3-9.

The exocyclic amine group on the other hand can act as a base to form salts. Adding sulfuric
acid or perchloric acid to a mixture of 1 in a minimal amount of water and heating up the mixture
to 50 °C, the perchlorate (10) and sulfate (11) salts were obtained.

When reacting copper(Il) perchlorate hexahydrate with urazine in slightly acidic (1M HCIO4)
aqueous media the complex [Cu(Cl04)2(C2HsN4O»),] (12) was obtained.
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5.3.2 NMR Spectroscopy

The compounds 1-11 were characterized by 'H, "*C and additionally by "N NMR
spectroscopy for 2. The resonances for the cyclic hydrogen atoms (NH) at 9.83 ppm (1), 9.96 ppm
(10) and 9.99 ppm (11) in the 'H NMR spectra are not visible for salts 3-9 due to fast proton
exchange. Those for the exocyclic amine group of 1 and 3-9 are in the narrow range of 4.03—
4.80 ppm, which is shifted towards lower field for ammonium moiety of 10 and 11 (3 = 6.62—
7.08 ppm). An additional singlet for the CH, group of 2 is detected at 5.04 ppm in the '"H NMR
spectrum.

In the >C NMR spectra the resonances for the carbonyl groups are, as expected, in the range of
153.4-161.3 ppm. The carbon resonance of the CH, group of the trinitroethyl moiety is located at
53.7 ppm and the broadened resonance for C(NO,); at 128.7 ppm. For salts 5 and 6, the carbon
signal of the cation is found at 158.4 ppm for guanidinium (5) and 155.4 ppm for
aminoguanidinium (6). In the "“N NMR spectrum the nitrogen resonance of the trinitromethyl

moiety of 2 is found at —29 ppm.

5.3.3 Crystal Structures

Except for salts 5 and 11, all compounds were investigated by single-crystal X-ray diffraction.
Suitable single-crystals of compound 2 were obtained from acetone (Figure 5.4). It crystallizes in
the orthorhombic space group Pbca with a density of 1.839 g cm™ at 115 K. In the solid state the
urazine ring forms an almost planar system with the two carbonyl oxygen atoms and the hydrogen

atoms at N1 and N2. For the trinitromethyl unit the typical propeller-type structure is observed.

Figure 5.4 Molecular structure of 2 determined by X-ray diffraction. Selected distances [pm] and angles
[°]: N1-N2 138.7(2), N1-C1 133.2(2), C1-O1 123.6(2), N3-N4 139.1(2), C3—C4 152.8(3), C4-N6
151.7(3), O6-N6 121.8(2), N2-N1-C1 110.4(2), N1-C1-N3 104.4(2), N1-C1-0O1 128.4(2), N1-C1-
O1 110.4(2), C1-N1-N2—C2 1.0(2), C1-N3-C2-N2 1.0(2), N4-N3-C2-N2 179.4(2), N2-N1-C1-0O1
179.3(2).

Single crystals of ammonium urazinate (3) were obtained from water at ambient temperature.

The salt crystallizes as a monohydrate as colorless platelets with the triclinic space group P—1
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including two formula units per unit cell and a density of 1.45 g cm™ at 117 K. The asymmetric

unit with selected bond lengths and angles is shown in Figure 5.5.

Figure 5.5 Molecular structure of ammonium salt 3 - HO determined by X-ray diffraction. Selected
distances [pm] and angles [°]: N1-N2 141.1(2), N1-C1 131.5(2), C1-01 127.5(2), C2-N3 137.8(2),
N3-N4 139.5(1), N2-NI1-C1 104.8(9), C1-N3-C2 109.3(9), N1-C1-O1 127.7(1), C2-N3-N4

123.7(9), N1-C1-N3-C2 0.2(1), N2-N1-C1-N3 —1.5(1), N2-N1-C1-O1 178.8(1), N1-C1-N3-N4

~176.4(1).

Compared to common C—N (147 pm) and C=N bond (122 pm) lengths the C—N bonds of the
five-membered ring are in the range of 132—140 pm, which is in between. The C—O bond length
on the other hand is 128 pm, which is longer as a common carbonyl double bond (~120 pm).['¥
This is a result from tautomerism between O2—C2-N2-H, respectively O1-C1-N1-H in the case
of a proton shift between N2 and N1. The N1-N2 bond length (141 pm) as well as the N3—-N4
bond length (140 pm) tend to be shorter than common N—N bond length (~145 pm).['" The five-
membered ring is nearly planar as shown by the torsion angles N1-C1-N3—C2 0.20° and N2-N1—
CI-N3 —1.45°.
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Figure 5.6 Molecular structures of hydroxylammonium salt 4 and aminoguanidinium salt 6 - HO
determined by X-ray diffraction. Selected distances [pm] and angles [°] of 4: N1-N2 141.2(2), N1-C1
132.5(2), C1-0O1 127.2(2), C2-N3 138.6(2), N3-N4 140.3(2), N2-N1-Cl 105.2(1), CI-N3-C2
109.4(1), N1-C1-01 127.4(1), C2-N3-N4 122.9(1), N1-C1-N3-C2 0.3(2), N2-N1-C1-N3 —0.1(1),
N2-N1-C1-01 179.8(1), N1-C1-N3-N4 —175.9(1). Selected distances [pm] and angles [°] of 6 - H2O:
N1-N2 141.7(2), N1-C1 131.9(2), C1-01 127.5(2), C2-N3 136.9(2), N3-N4 140.2(2), N2-N1-C1
104.5(1), C1-N3-C2 109.3(1), N1-C1-O1 128.0(2), C2-N3-N4 122.9(1), N1-C1-N3-C2 —1.0(2),
N2-N1-CI-N3 —1.2(2), N2-N1-C1-01 179.0(2), N1-C1-N3-N4 —174.8(2).

Salts 4 and 6 - H>O both crystallize in the triclinic space group P—1 from water, even though
the aminoguanidinium salt crystallizes as monohydrate and 4 free from hydrate water (Figure
5.6). For the C-N (132 pm—140 pm) and C—O bond lengths (125 pm—128 pm) the same trends as
for salt 3- H>O are observed. Relatively strong hydrogen bonds are observed between the cation
and the anion of 4 by the hydroxy group of the hydroxylammonium ion as donor and the
deprotonated cyclic amine as proton acceptor (O3—H3---N1, d(D-H)=93 pm, d(H:--A) =
169 pm, <(D-H---A) = 168.4°).l'"J Comparable hydrogen bonds of salt 6 - H,O are more likely to
be considered moderately strong (N7-H8---N1, d(D-H)=93 pm, d(H---A) = 199 pm, <(D-
H---A) = 158.3°). In addition to the hydrate water this might also result in the lower density of
6 - H,O (8 =1.579 gcm™) at 110 K compared to the density of 4 (§ = 1.796 g cm ) at 127 K.

Single crystals of the lithium salt 7 were obtained from water by evaporating the solvent at
ambient temperature. The dihydrate crystallizes as colorless prisms in the triclinic space group

P—1 with two formula units per unit cell as shown in Figure 5.7.
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N4

Figure 5.7 Molecular structure of lithium salt 7 -2 H2O determined by X-ray diffraction. Selected
distances [pm] and angles [°]: N1-N2 141.7(2), N1-C1 133.5(2), C1-O1 124.2(2), N3-N4 139.9(2),
N2-N1-C1 112.0(2), N1-CI1-N3 104.6(1), N1-C1-O1 129.1(2), CI-N1-N2—C2 2.9(2), C1-N3-C2—
N2 —0.7(2), N4&-N3—-C2-N2 —176.2(2), N2-N1-C1-01 178.6(2). Symmetry code: i) 1-x, 1-y, 2—z.

Figure 5.7 illustrates the planarity of the urazinate anion, as also shown by the torsion angles
CI-N1-N2-C2 2.86° and C1-N3—-C2-N2 —0.70°. Furthermore, the exocyclic amino group (N4—
N3-C2-N2 —176.24°) and the carbonyl functionality (N2-N1-C1-01 178.62°) do not point out
of plane. In addition, the lone pairs of the amino group and carbonyl functionality form a network
with the lithium cation, which also includes both molecules of hydrate waters. The distances
range from d(O1---Lil)=194pm, d(O4---Lil)=199pm, d(O3---Lil)=198pm to
d(N4---Lil) = 262 pm. The sodium salt crystallizes as colorless blocks in the triclinic space group
P—1 from water and a density of 1.934 g cm™ at 123 K. The asymmetric unit contains one hydrate
water and is depicted in Figure 5.8. In contrast to 7 - 2 H>O the distances between the metal and

the atoms carrying a lone pair are longer. Thereby, d(O3---Nal) is the shortest contact (235 pm).

Figure 5.8 Molecular structure of sodium salt 8- H2O determined by X-ray diffraction. Selected
distances [pm] and angles [°]: N1-N2 141.0(2), N1-C1 132.7(2), C1-O1 126.7(2), N3-N4 139.8(2),
N2-NI1-CI1 105.3(1), NI-C1-N3 108.3(1), N1-C1-0O1 128.7(1), C1-N1-N2-C2 —0.8(1), N2-C2-N3-
C1-0.4(1), N4-N3-C2-N2 —178.1(1), N2-N1-C1-01 —179.2(1).

The sodium salt 8 - H,O forms a layer-like structure which is comparable to the structure of the
potassium salt 9 - H,O (Figure 5.9). The potassium salt was obtained as colorless blocks from
water and contains one hydrate water as well. It also crystallizes in the triclinic space group P—1

and has a density of 2.003 g cm ™ at 122 K.
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Bond distances and angles are in the same ranges as for salts 3 - H>O, 4 and the hydrates of 6—
9. The layer is oriented along the b axis and is stabilized by several inter- and intramolecular
hydrogen bridges within. The potassium cations and hydrate waters are acting as linkers, through
which two urazine anions are connected with very comparable distances (d(O2---K1)=278,

d(03---K1) =278, d(02"---K1) = 283 pm)

Figure 5.9 Molecular structure of potassium salt 9 - H2O determined by X-ray diffraction. Selected
distances [pm] and angles [°]: N1-N2 142.3(3), N1-C1 131.8(3), C1-O1 127.3(3), N3-N4 140.1(3),
N2-NI1-CI1 104.6(2), N1-C1-N3 109.4(2), N1-C1-0O1 127.9(2), C1-N1-N2-C2 2.7(6), C1-N3-C2—
N2 —2.8(3), N4-N3-C2-N2 179.9(2), N2-N1-C1-01 179.6(2).

The perchlorate salt 10 crystallizes in the orthorhombic space group Pbca and a density of
2.146 g cm™ at 200 K (Figure 5.10).

06 03
Cl

04

04

Figure 5.10 Molecular structure of perchlorate salt 10 determined by X-ray diffraction. Selected
distances [pm] and angles [°]: N1-N2 138.8(2), N1-C2 133.9(2), C1-O1 122.0(2), C2-N3 138.7(2),
N3-N4 140.4(2), N1-N2-C1 109.9(2), C1-N3-C2 112.9(1), N2-C1-O1 130.5(2), C2-N3-N4
123.5(2), C1-N3-C2-N1 —4.2(2), N2-N1-C2-N3 7.0(2), N1-N2-C1-0O1 —-176.1(2), N4-N3-C2-N1
177.8(4).

This is the only crystal structure where the urazine unit is protonated (at the N4 nitrogen
atom), though the bond lengths and angles are just varying slightly. According to the bond
lengths, N1-N2 and N3-N4 should be affected most, but the highest difference is between the

bond length of salt 9 - H,O and salt 10 for N1-N2 with 3.5 pm. Angles <(N1-N2-C1) = 109.9°
and <(N2-N1-C2) = 110.2° are more obtuse angled than typical for sp’ hybridized nitrogen atoms
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(107°). Upon deprotonation at N1, which leads to a second lone pair, the angles in the crystal
structure of salts 3 - H,O, 4 and the hydrates of 6—9 become contracted to 104.5-105.3°.

The copper complex 12, consisting of copper(Il) perchlorate and neutral urazine, was obtained
as green rods directly from the mother liquor. It crystallizes in the monoclinic space group P2i/n
with two formula units per unit cell and a calculated density of 2.369 gcm™ at 293 K. The
complex monomer is built up of one copper(Il) cation octahedrally coordinated by two
monodentate perchlorate anions and two chelating urazine ligands (Figure 5.11). The equatorial
positions are occupied by the heterocyclic ligands, each binding with the amino and one of the
carbonyl groups. A typical Jahn-Teller-distortion along the axial 03—-Cu—O3' axis, built up by the
two perchlorato ligands, can be observed. Due to the chelating effect and the distortion, the

coordination sphere deviates from a perfect octahedron.

04

05

Figure 5.11 Molecular structure of [Cu(ClO4)2(C2HaN4O2)2] (12) determined by X-ray diffraction.
Selected distances [pm] and angles [°]: Cu—O1 201.1(1), Cu—03 230.1(1), Cu—N4 203.9(2), O1-Cu-03
81.3(5), O1-Cu-O1' 180.0, O1-Cu-N4 85.6(6), O1-Cu-N4' 94.4(6), 0O3—Cu-N4 88.2(5). Symmetry
code: i) 1—x, -y, 1—z.

5.3.4 Physical and Energetic Properties

The physical and energetic properties were determined and are listed for all water-free
substances in Table 1. DTA measurements revealed a high thermal stability for urazine (1), which
melts at 278 °C, prior to an exothermic peak. A comparably high stability is observed for the
trinitroethyl containing 2, which decomposes at 152 °C without prior melting. According to DTA
and TG measurements, the ammonium (3) and hydroxylammonium salt (4) show a mass loss
indicating that ammonia and hydroxylamine are leaving the salts, whereby urazine itself remains.
As shown from the TG measurements, the mass loss of 3 starts at 111 °C and at a temperature of
270 °C 77% of the original mass remains, which perfectly fits to the mass of 3 without water and
ammonia. The hydrate water of 3 cannot be removed under ambient pressure, therefore its
physical and energetic properties are not discussed in Table 5.1.For the hydroxylammonium salt 4

a beginning mass loss is observed at 130 °C. At the temperature of 168 °C, the molecule lost 22%
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of its overall mass, which corresponds well to the loss of the hydroxylamine. Based on the DTA
curve, further evidence for the loss of the base from the cation is found as melting and
decomposition points of both salts, that are comparable to urazine. The aminoguanidinium salt (6)
is obtained as hydrate water, which dehydrates at around 65 °C according to TG measurements
(for DTA and TG plots see SI). The hydrate water can be removed residue-free under high
vacuum; therefore, analytics refer to water-free 6, and the room temperature density was obtained
by a gas pycnometer. As also observed for the guanidinium salt (5), the aminoguanidinium salt
shows an endothermic peak, which immediately leads to decomposition. As the onset of melting
is 177 °C (5) and 159 °C (6), the thermal stability is in the range of 2. However, salts 4-6 are
underbalanced according to the oxygen content, but are not sensitive at all. In contrast 4-[(2,2,2-
trinitroethyl)amino]-urazole (2) burns with a smokeless flame and practically residue free, due to
an almost balanced amount of oxygen. The alkali salts 7-9 lose water before decomposing in a
temperature range of 352-359 °C, this even exceeds the thermal stability of copper complex 12
(Tgee= 214 °C). The urazinium salts decompose at temperatures of 181°C (10) and 201°C (11)
according to DTA measurements. Moreover, the perchlorate salt 10 burns with deflagration and is
very sensitive. Compound 2 and complex 12 are considered as very sensitive as well. In order to
evaluate the utility of new energetic materials, their performance characteristics are usually
calculated by computer codes (details see SI). These energetic parameters are listed in Table 1
together ~with the parameters for the classical secondary explosive RDX

(cyclotrimethylenetrinitramine) and common solid rocket propellant AP (ammonium perchlorate).
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Table 5.1 Physical and energetic properties of 2 and salts 4, 5, 6, 10, and complex 12 compared to RDX

and AP.

RDX 2 4 5 6 10 12 AP
Formula C3HeNgOs C4HsN;Os C3HsNsO; C3HoN;O, CsHjoNgO,  CoHsN4O6Cl  C4HgCl,CuNgOjn NH4Cl1O4
Tyee [°C]1I 208 152 138 177 159 194 214 240
IS [J]1) 7.5 3 >40 >40 >40 3 <1 20
FS [N] 120 288 >360 >360 >360 28 2 360
N [%]4] 37.8 35.1 47.0 56.0 58.9 25.9 22.7 11.9
O [%]t] 43.2 45.9 32.2 18.3 16.8 44.3 38.8 54.5
Qco [%]1h 0 8.6 -26.8 -50.2 -50.5 14.8 — 34.0
QCOz [%o]lel -21.6 -14.3 —48.3 =77.7 =75.7 0 — 34.0
p [g cm3]M 1.79 1.79 175  1.56 (pyc.) 1.62 (pyc.) 2.12 2.37 1.95
AHf [kJ mol-']t! 87 -201 -135 =210 -101 10 — —-67
EXPLOS5 V6.03
Oy [kJ kg1t -5807 —4884 -3740 -1710 —2218 —6181 — —1422
Tex [K] 3800 3540 2511 1536 1750 4183 — 1735
Vo [L kg1t 793 751 926 899 914 785 — 885
Pc; [kbar]m! 340 303 283 221 248 459 — 158
Vier [m s71]0 8852 8454 8779 8177 8583 9799 — 6368
I, [s]l! 265 245 198 156 168 252 — 155
I, [s]P! (15% Al) 273 257 242 205 210 262 — 233
Iy [s]4 (15% Al
14% binder) 242 228 221 198 204 244 — 256

[a] Onset decomposition point Tec from DTA measurement carried out at a heating rate of 5 °C min™". [b] Impact sensitivity. [c]
Friction sensitivity. [d] Nitrogen content. [e] Oxygen content. [f] Oxygen balance assuming the formation of CO and [g] COx [h]
RT densities are recalculated from X-ray densities if not otherwise noted. [i] Enthalpy and of formation calculated by the CBS-4M
method. [j] Predicted heat of combustion, [k] detonation temperature, [1] volume of gaseous products [m] detonation pressure and
[n] detonation velocity using EXPLOS5 (Version 6.03). [o] Specific impulse of the neat compound using the EXPLOS5 (Version
6.03) program package at 70.0 bar chamber pressure. [p] Specific impulse for compositions with 85% oxidizer/compound and
15% aluminum. [q] Specific impulse for compositions with 71% oxidizer/compound, 15% aluminum, and 14% binder (6%
polybutadiene acrylic acid, 6% polybutadiene acrylonitrile, and 2% bisphenol A ether).

The energetic parameters of 2 and 10 are in promising ranges and exceed PETN

(pentaerythritol tetranitrate, Vpe = 8405 ms ' and Pc= 319 kbar).'"” The perchlorate salt 10 is

even superior to RDX, however, it contains the undesirable perchlorate anion. Moreover, the

hydroxylammonium salt 4 exceeds the detonation velocity of RDX as well and shows low

sensitivities. Nevertheless, according to the specific impulse only neat 2 and 10 are superior to

AP, in mixtures with aluminum and a binder they drop to values for the secondary explosive
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RDX. Therefore, the trinitroethyl derivative 2 is an acceptable energetic material but should not

be considered for a possible application as HEDO.

detonator

c '! Dﬂe

Figure 5.12 Small-scale shock reactivity test of 2. Schematic drawing (A), photograph of test set-up
(B), aluminum and steel block (C), dented aluminum block after initiation with a commercial detonator

D).

A standard test procedure to determine the output of a potential secondary explosive is the
small-scale shock reactivity test (SSRT). As illustrated in Figure 5.12; a detonator is assembled in
a steel block placed on an aluminum block of specified hardness and thickness. Between both
blocks is the energetic material. The depth of the dent produced in the aluminum block after firing
the detonator is used as a measure of the strength of the HEDM. It can be compared to common
energetic materials such as RDX and hexanitrostilbene (HNS) or 2,6-bis(picrylamino)-3,5-dinitro-
pyridine (PYX).!"” The results of 2 show promising values (Table 5.2)

Table 5.2 Results of the SSRT of 2 compared to literature values of RDX, HNS and PYX.

2 RDX HNS PYX
mg [mg]® 495 504 469 474
msio; [mg]"! 661 589 672 637

[a] Mass of explosive: meg= Vs p 0.95; [b] Mass of SiO.

The incorporation of urazine as a neutral ligand in the copper perchlorate 12 is drastically
increasing the sensitivities (<1 J and 2 N). To get an insight into the compound’s deflagration to
detonation transition (DDT) and its energetic performance, hot-plate and hot-needle tests were
performed. Complex 12 shows in both tests strong deflagrations (Figures AS5.15 and AS5.16),
which suggests it to a potential primary explosive. A compound’s capability to be initiated by a
low-energy laser impulse allows its use in alternative, potentially safer initiation devices with very
short reaction times. Therefore, a 45 W InGaAs laser diode working in the single-pulsed mode
was used to test the laser ignitability of 12. The irradiation with a pulse length of 1 ms and a

current of 7 A resulting in a total energy of 1.7 mJ revealed a very strong detonation (Figure
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5.13). Therefore, this copper perchlorate complex 12 could be considered as potential laser-

ignitable primary explosive.

e

e ecttcar

Figure 5.13 Moment of detonation during the positive laser initiation test of complex 12.

5.4 Conclusion

Urazine represents a useful starting material for new energetic materials, such as a trinitroethyl
containing derivative as well as several new salts and complexes. The amphoteric character of the
heterocycle urazine is just one aspect for the wide variety of salt formations. Nonetheless, the
alkaline salts decompose in temperature ranges of 352359 °C, whereby the ammonia 3 and
hydroxylammonium 4 salt lose the base at 162 °C (3) and 138 °C (4). As a consequence, strong
acids and bases are needed to form temperature-stable salts. Most of the new compounds were
characterized thoroughly using NMR, XRD, vibrational spectroscopy, as well as elemental
analysis, which led to nine new crystal structures. Furthermore, some of the hydrate water-free
new compounds were calculated according to their energetic parameters. At least the neutral
trinitroethyl substituted derivative 2 (Vpe = 8455 m s™') and the hydroxyl ammonium salt 4 (Vpe =
8779 m s "), as well as the aminoguanidinium salt 6 (Ve = 8583 m s ') and the perchlorate salt 10
(Vpet = 9799 ms™") show values above PETN (Vpe = 8405ms'). In the case of the easily
accessible 2 this was also confirmed by a small-scale shock reactivity test. The copper complex
12 was tested according to its potential for a fast DDT; a deflagration was observed from the hot

plate and needle test, as well as positive result for the laser ignition experiments.

5.5 Experimental Section

All chemicals were used as supplied. For general information of used devices, X-ray
crystallography, DTA, TG and IR plots as well as calculation of the energetic performance data
see Appendix AS.

CAUTION! These materials are energetic compounds with sensitivity to various stimuli,
especially the trinitroethyl derivative 2, the perchlorate salt 10 and the copper complex 12 should

be treated with great caution. While no serious issues in the synthesis and handling of this
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material were encountered, proper measures (face shield, ear protection, body armor, Kevlar®

gloves and grounded equipment) as well as a plastic spatula, should be used all the time.

Urazine (1):

Urazine (1) was synthesized based on literature procedures.”’! Instead of a beaker on heating
plate a round-bottom flask in an oil-bath and reflux condenser were used. However, the pure
compound was obtained without recrystallization in 64% yield.

"H NMR (400 MHz, [Ds]DMSO): 6 = 9.84 (s, 2H, NH), 4.76 (s, 2H, NH,), ppm. *C NMR
(101 MHz, [Ds]DMSO): 6 = 155.1 (CO) ppm. EA: C;H4N4O> (116.03): calc. C 20.69, H 3.47, N
48.27 %; found C 20.72, H 3.39, N 48.13 %. IR (ATR): v = 3222 (s), 3023 (s), 2236 (w), 1674
(vs), 1611 (vs), 1520 (vs), 1468 (w), 1423 (m), 1252 (s), 1108 (m), 1078 (w), 1034 (m), 977 (w),
797 (m), 731 (w), 711 (w), 556 (s), 524 (s), 506 (s), 478 (m), 467 (m), 442 (m), 428 (m), 419 (m)
cm ', Raman (1000 mW): ¥ = 3275 (13), 3250 (15), 3229 (15), 3191 (10), 3181 (9), 3147 (9),
1725 (36), 1642 (15), 1519 (9), 1267 (11), 1027 (100), 972 (26), 788 (97), 770 (15), 721 (11), 677
(9), 646 (23), 611 (12), 363 (9), 313 (10) cm™'. DTA (5 °C min") onset: 278 °C (mp.), 283 °C

(exothermic).

4-[(2,2,2-Trinitroethyl)amino]-urazole (2):

Urazine (1) (0.56 g, 4.8 mmol) was dissolved in a minimal amount of hydrochloric acid (15%)
and nitroform (30%, 2.66 g, 5.29 mmol) and a formaldehyde solution (37%, 0.43 g, 5.3 mmol)
were added. The reaction mixture was stirred at ambient temperature overnight and the formed
precipitate was filtered, washed with water and dried. 4-[(2,2,2-Trinitroethyl)amino]-urazole (2)
(0.83 g) was obtained as a white solid in 62% yield.

'"H NMR (400 MHz, (CDs),CO): 6 = 5.04 (s, 2H, CH,), ppm. *C NMR (101 MHz,
(CD;3),CO): § = 155.0 (CO), 128.7 (C(NO»)3), 53.7 (CH>) ppm. "N NMR [29 MHz (CD;),CO]: 6
=-30 (NO,) ppm. EA: C4HsN;Os (279.02): calc. C 17.21, H 1.81, N 35.13 %; found C 17.38, H
2.01, N 35.29 %. IR (ATR): v = 3311 (m), 3087 (m), 3038 (m), 2956 (m), 1695 (vs), 1585 (vs),
1490 (m), 1449 (m), 1382 (m), 1347 (m), 1301 (m), 1237 (m), 1189 (m), 1104 (m), 1078 (w),
1040 (w), 1011 (w), 902 (w), 857 (w), 807 (m), 784 (m), 757 (m), 732 (m), 713 (m), 611 (m), 526
(m), 505 (m), 465 (w), 425 (w), 408 (w) cm . Raman (1000 mW): v = 3011 (13), 2968 (23),
1609 (21), 1597 (20), 1417 (14), 1383 (22), 1348 (37), 1307 (35), 1270 (20), 904 (13), 858 (101),
810 (34), 789 (19), 769 (38), 660 (14), 409 (63), 375 (66), 345 (19), 275 (17), 210 (13) cm™".
DTA (5°C min™') onset: 152 °C (exothermic). Sensitivities (BAM): impact 3 J; friction 288 N
(grain size 500—-1000 pm).
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Various amounts of 4-aminourazole (1) (1.0-1.5 mmol) were suspended in a minimal amount
of water. To this mixture equimolar amounts of base or acid (ammonia [2M], guanidinium
carbonate, aminogunidinium bicarbonate, lithium hydroxide, sodium hydroxide, potassium
hydroxide, perchloric acid [60%], and sulfuric acid [1M]) was added carefully. The resulting
solution was first stirred for 60 min at ambient temperature (additionally 1h at 50 °C for
aminoguanidine, perchlorate and sulfate). The water was slowly evaporated at ambient pressure
and the urazinate, respectively the urazinium salts were obtained in 93% (3 - H,0), 97% (4),
quant. (5), quant. (6 - H>O), quant. (7- 2 H,O), 78% (8 - H20), 92% (9- H20), 91% (10), 94% (11)
yield.

Ammonium urazinate hydrate (3 - H20):

'"H NMR (400 MHz, [Ds]DMSO): 6 = 4.69 (s, 2H, NH,) ppm. “C NMR (101 MHz,
[Ds]DMSO0): § = 155.0 (CO) ppm. N NMR (29 MHz, [Ds]DMSO): § = —372 (NH4) ppm. EA:
C,HoNs0O;3 (151.13): cale. C 15.90, H 6.00, N 46.34 %; found C 16.56, H 5.34, N 46.38 %. IR
(ATR): v = 3333 (m), 3091 (s), 3035 (s), 2732 (m), 1668 (vs), 1598 (vs), 1574 (vs), 1488 (m),
1455 (m), 1415 (m), 1340 (m), 1300 (m), 1243 (m), 1189 (m), 1169 (m), 1130 (m), 1101 (m),
1078 (w), 1051 (w), 955 (m), 789 (s), 731 (s), 712 (m), 647 (s), 599 (s), 525 (m), 505 (w), 461
(w), 441 (w) cm™". Raman (1000 mW): ¥ = 3334 (5), 3265 (5), 3102 (4), 3053 (3), 1725 (4), 1620
(11), 1585 (4), 1447 (5), 1303 (20), 1251 (18), 1130 (5), 1076 (5), 964 (13), 805 (53), 792 (100),
633 (37), 409 (11), 329 (19), 265 (4) cm™'. DTA (5 °C min ") onset: 119 °C (endothermic; —H,0),
162 °C (endothermic; —NH3), 273 (endothermic), 283 °C (exothermic). Sensitivities (BAM):
impact >40 J; friction >360 N (grain size >1000 pm).

Hydroxylammonium urazinate (4):

"H NMR (400 MHz, [Ds]DMSO): § = 7.6 (br, 4H, NH;OH"), 4.80 (s, 2H, NH,) ppm. *C
NMR (101 MHz, [Ds]DMSO): ¢ = 155.0 (CO) ppm. EA: C,H;Ns05 (149.11): calc. C 16.11, H
4.73, N 46.97 %; found C 16.35, H 4.65, N 47.13 %. IR (ATR): v = 3331 (w), 3276 (w), 2991
(m), 2868 (m), 2795 (m), 2724 (m), 1740 (w), 1672 (s), 1623 (s), 1459 (s), 1368 (m), 1241 (m),
1198 (m), 1124 (w), 1098 (w), 955 (m), 807 (m), 791 (s), 749 (s), 666 (s), 632 (s), 600 (s), 447
(w) cm™'. Raman (1000 mW): ¥ = 3206 (3), 1725 (4), 1623 (9), 1447 (5), 1316 (6), 1299 (13),
1269 (15), 1240 (4), 1099 (3), 1007 (47), 986 (9), 814 (15), 799 (100), 789 (38), 646 (6), 632
(21), 410 (6), 346 (10), 275 (5), 226 (4) cm'. DTA (5 °C min™") onset: 138 °C (endothermic;
—NH:0H), 269 (endothermic), 279 °C (exothermic). Sensitivities (BAM): impact >40 J; friction
>360 N (grain size 100-500 pm).
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Guanidinium urazinate (5):

"H NMR (400 MHz, [Ds]DMSO): 6 = 7.6 (br, 6H, NH,), 4.35 (s, 2H, NH) ppm. *C NMR
(101 MHz, [Ds]DMSO): ¢ = 158.4 (C(NH»)3) 155.4 (CO) ppm. EA: C3HoN;0O, (175.15): calc.
C 20.57, H 5.18, N 55.98 %; found C 20.69, H 4.43, N 55.79 %. IR (ATR): ¥ = 3382 (m), 3329
(m), 3097 (m), 2843 (m), 2175 (w), 2030 (w), 2005 (w), 1862 (w), 1712 (m), 1658 (vs), 1597
(vs), 1574 (vs), 1447 (m), 1417 (m), 1295 (m), 1261 (m), 1213 (m), 1191 (m), 1135 (m), 1098
(w), 1061 (w), 1018 (m), 980 (m), 790 (m), 731 (m), 715 (m), 653 (m), 609 (s), 552 (s), 529 (mm),
505 (m), 467 (m), 425 (w), 406 (w) cm . Raman (1000 mW): ¥ = 3336 (4), 3242 (6), 3227 (7),
3227 (7), 3190 (8), 1656 (5), 1579 (5), 1465 (4), 1432 (5), 1282 (29), 1135 (7), 1008 (100), 805
(37), 791 (55), 672 (6), 637 (21), 559 (16), 532 (8), 389 (10), 320 (8), 239 (3)cm'. DTA
(5°C min™") onset: 177 °C (endothermic), 194 °C (exothermic). Sensitivities (BAM): impact
>40 J; friction >360 N (grain size 500-1000 pm).

Aminoguanidinium urazinate (6):

"H NMR (400 MHz, [Ds]DMSO): 6 = 7.9 (br, 7H, NH, NH,), 4.30 (s, 2H, NH) ppm. *C
NMR (101 MHz, [Ds]DMSO): 6 = 159.2 (C(NH2)(NHNH>)), 155.4 (CO) ppm. EA: C3H;oNsO»
(190.17): calc. C 18.95, H 5.30, N 58.96 %; found C 18.84, H 5.14, N 58.96 %. IR (ATR): ¥ =
3380 (m), 3328 (m), 3250 (m), 3089 (s), 2845 (m), 1713 (m), 1657 (vs), 1601 (vs), 1463 (m),
1323 (m), 1296 (m), 1262 (m), 1213 (m), 1135 (w), 1096 (w), 1065 (w), 1019 (m), 981 (m), 789
(m), 733 (m), 718 (m), 654 (m), 604 (vs), 549 (vs), 531 (vs), 505 (m), 406 (w) cm . Raman
(1000 mW): ¥ = 3328 (6), 3307 (11), 3217 (11), 3184 (16), 3175 (14), 3136 (7), 3075 (7), 1639
(10), 1616 (12), 1295 (38), 1140 (9), 1089 (14), 1070 (43), 994 (15), 806 (101), 787 (98), 645
(33), 535 (24), 372 (13), 350 (6), 325 (25), 240 (5) cm'. DTA (5°C min') onset: 159 °C
(endothermic), 178 °C (exothermic). Sensitivities (BAM): impact >40 J; friction >360 N (grain
size 100-500 pm).

Lithium urazinate dihydrate (7 - 2 H,0):

'"H NMR (400 MHz, [Ds]DMSO) & = 4.48 (s, 2H, NH,) ppm. *C NMR (101 MHz,
[Ds]DMSO): & = 155.1 (CO) ppm. EA: CoH;LiN4O»-2H,0 (158.06): cale. C 15.20, H 4.46, N
35.45 %; found C 15.43, H 4.26, N 35.64 %. IR (ATR): ¥ = 3321 (m), 3093 (m), 2842 (m), 1710
(m), 1605 (s), 1476 (s), 1324 (m), 1293 (m), 1138 (w), 1080 (m), 978 (m), 805 (s), 748 (s), 631
(s), 438 (m), 421 (w) cm". Raman (1000 mW): ¥ = 3322 (10), 3208 (21), 3168 (12), 3156 (10),
3122 (9), 3108 (9), 3050 (7), 3010 (6), 2846 (5), 2836 (4), 1639 (26), 1592 (6), 1527 (4), 1445
(12), 1328 (15), 1296 (63), 1272 (30), 1138 (15), 1086 (7), 981 (19), 812 (100), 796 (87), 738 (6),
681 (14), 632 (330), 577 (4), 540 (3), 514 (3), 448 (9), 407 (14), 339 (37), 274 (3), 245 (4) cm™".
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DTA (5°C min') onset: 94 °C (endothermic; —2 H,0), 352 °C (exothermic). Sensitivities
(BAM): impact >40 J; friction >360 N (grain size 500—1000 pum).

Sodium urazinate hydrate (8 - H>O):

'"H NMR (400 MHz, [Ds]DMSO) & = 4.03 (s, 2H, NH>) ppm. *C NMR (101 MHz,
[Ds]DMSO): & = 155.1 (CO) ppm. EA: C,H3N4sNaO»-H,O (156.03): calc. C 15.39, H 3.23, N
35.90 %; found C 15.38, H 2.94, N 35.63 %. IR: ¥ = 3419 (m), 3315 (m), 3178 (m), 3033 (m),
2847 (m), 1669 (s), 1631 (s), 1609 (s), 1479 (m), 1428 (m), 1336 (m), 1304 (m), 1143 (w), 1077
(m), 983 (m), 801 (s), 753 (m), 725 (m), 675 (m), 633 (s), 492 (s), 407 (m) cm '. Raman
(1000 mW): v = 3316 (4), 3189 (8), 2847 (2), 1623 (13), 1607 (9), 1432 (5), 1339 (8), 1300 (32),
1265 (18), 1141 (4), 1075 (4), 995 (13), 808 (100), 798 (86), 645 (15), 509 (3), 403 (10), 387 (5),
355 (11), 268 (3), 218 (12) cm ™. DTA: (5 °C min") onset: 154 °C (endothermic; —H,0), 358 °C
(exothermic). Sensitivities (BAM): impact >40 J; friction >360 N (grain size 500—1000 um).

Potassium urazinate hydrate (9 - H,0):

'"H NMR (400 MHz, [Ds]DMSO) & = 4.72 (s, 2H, NH,) ppm. “C NMR (101 MHz,
[Ds]DMSO): 6 = 155.0 (CO) ppm. EA: C,H3KN4O,-H,O (172.00): calc. C 13.95, H 2.93, N
32.54 %; found C 14.36, H 2.94, N 33.64 %. IR: ¥ = 3407 (m), 3332 (m), 3240 (m), 3084 (m),
2843 (m), 2163 (w), 2096 (w), 2022 (w), 1993 (w), 1971 (w), 1700 (s), 1610 (s), 1465 (s), 1320
(m), 1299 (m), 1250 (w), 1133 (w), 1073 (m), 966 (m), 802 (s), 736 (s), 702 (m), 632 (s), 532 (m)
cm . Raman (1000 mW): v = 3333 (9), 3245 (10), 3169 (4), 3096 (6), 2851 (3), 1694 (5), 1621
(23), 1593 (8), 1434 (8), 1323 (20), 1303 (39), 1247 (33), 1132 (5), 1072 (5), 975 (14), 808 (100),
791 (76), 745 (12), 656 (7), 632 (56), 404 (23), 338 (33), 211 (5) cm™'. DTA: (5 °C min™") onset:
126 °C (endothermic; —H>0.), 220 (endothermic), 359 °C (exothermic). Sensitivities (BAM):
impact >40 J; friction >360 N (grain size 500-1000 pum).

Urazinium perchlorate (10):

"H NMR (400 MHz, [Ds]DMSO): 6 = 10.0 (br, 2H, NH), 7.1 (br, 3H, NH3) ppm. *C NMR
(101 MHz, [Ds]DMSO): § = 154.4 (CO) ppm. EA: C:HsCIN4Og (215.99): calc. C 11.09, H 2.33,
N 25.87 %; found C 10.75, H 2.35, N 25.10 %. IR (ATR): ¥ = 3331 (m), 3279 (w), 3113 (m),
2991 (m), 2882 (m), 2792 (m), 2731 (m), 1740 (m), 1666 (s), 1627 (s), 1576 (m), 1486 (m), 1463
(m), 1419 (m), 1371 (m), 1270 (w), 1242 (m), 1192 (w), 1124 (m), 1079 (w), 1061 (w), 1016 (w),
953 (m), 787 (s), 740 (s), 660 (s), 596 (s) 532 (m), 506 (m), 473 (m), 425 (w) cm'. Raman
(1000 mW): ¥ = 3263 (2), 1769 (5), 1726 (4), 1573 (6), 1470 (7), 1357 (5), 1279 (17), 1128 (5),
1095 (4), 1023 (3), 936 (101), 793 (56), 638 (30), 627 (14), 473 (19), 458 (14), 371 (6), 301 (4)
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cm . DTA (5°C min') onset: 181 °C (exothermic). Sensitivities (BAM): impact 3 J; friction
28 N (grain size 500-1000 pm).

Bis(urazinium) sulfate (11):

"H NMR (400 MHz, [Ds]DMSO): 6 = 10.0 (br, 2H, NH), 6.6 (br, 3H, NH;) ppm. *C NMR
(101 MHz, [D]DMSO): ¢ = 154.8 (CO) ppm. EA: C4H;oN3OsS (330.23): calc. C 14.55, H 3.05,
N 33.93, S 9.71 %; found C 14.29, H 3.04, N 33.82; S 9.75 %. IR (ATR): v = 3336 (w), 3211
(m), 2865 (m), 2697 (m), 2570 (m), 1769 (m), 1679 (s), 1618 (m), 1548 (s), 1478 (m), 1416 (w),
1336 (m), 1267 (m), 1192 (m), 1137 (s), 1041 (s), 1019 (s), 890 (s), 820 (w), 774 (s), 735 (s), 640
(W), 592 (s), 577 (s), 442 (w), 419 cm™'. Raman (800 mW): v = 3332 (6), 3200 (6), 3112 (6),
1799 (6), 1761 (11), 1730 (15), 1633 (8), 1603 (6), 1588 (6), 1479 (7), 1459 (6), 1418 (5), 1376
(5), 1322 (9), 1277 (13), 1269 (12), 1238 (8), 1156 (6), 1102 (5), 1052 (26), 1026 (6), 971 (6),
901 (15), 789 (100), 722 (9), 675 (7), 647 (22), 612 (10), 434 (11), 422 (10), 392 (8), 314 (10)
cm . DTA (5 °C min ") onset: 156 °C (endothermic), 201 °C (exothermic).

Copper(Il) bis(urazine) perchlorate [Cu(Cl04)2(C:HsN4O2),] (12):

Urazine (0.62 g, 5.4 mmol) was dissolved in 10.7 mL of 1M perchloric acid (10.7 mmol) at
80 °C and 5 mL of aqueous copper(Il) perchlorate solution (10.7 mmol) was added under stirring.
The resulting deep-green solution was left for crystallization at 50 °C. After 3 days the copper
complex 12 was obtained as green rods in 24% yield (0.31 g).

EA: C4HsClCuNgO1; (494.60): calc. C 9.71, H 1.63, N 22.66, Cl 14.33 %; found C 9.45, H
1.45, N 22.68, Cl 14.68 %. IR (ATR): v = 3308 (m), 3252 (m), 3218 (m), 3166 (m), 3075 (m),
1763 (s), 1676 (vs), 1606 (s), 1508 (m), 1425 (w), 1282 (w), 1168 (s), 1103 (s), 1090 (vs), 1007
(vs), 925 (s), 811 (m), 782 (s), 743 (s), 712 (m), 667 (m), 640 (m), 614 (vs), 614 (vs), 575 (s), 488
(s), 474 (s), 461 (m), 426 (m) cm™'. DTA (5 °C min™") onset: 214 °C (exothermic). Sensitivities
(BAM): impact <1 J; friction 2 N (grain size 100-500 pum).

Deposition numbers 2000061 (2), 1992639 (3), 1992643 (4), 1992641 (6) 1992642 (7),
1992644 (8), 1992640 (9), 1992645 (10) and 1993031 (12) contain the supplementary
crystallographic data for this paper. These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access Structures service

http://www.ccdc.cam.ac.uk structures.
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Salts of Pentaerythritol Tetranitrocarbamate

6.1 Abstract

The tetravalent pentaerythritol tetranitrocarbamate (PETNC) is deprotonated by nitrogen-rich,
alkaline, alkaline earth metal as well as silver bases to form the corresponding salts. Thorough
analysis and characterization by multinuclear NMR, vibrational spectroscopy, elemental analysis,
thermoanalytical techniques and single crystal X-ray diffraction was performed. Furthermore, the
energies of formation for the nitrogen rich salts were calculated utilizing the GAUSSIAN
program package. The detonation performances were calculated with the Explo5 (V6.03)
computer code, as well as the sensitivities toward impact and friction were determined, and
compared to the neutral PETNC and pentaerythritol tetranitrate (PETN). Ecotoxicological studies

of the ammonium and guanidinium salt using Vibrio fischeri bacteria complete this study.

6.2 Introduction

Pentaerythritol is a commercially available tetravalent alcohol with a neopentane backbone. It
is a common source for energetic materials, such as pentaerythritol tetranitrate (PETN,
Nitropenta),' which is used in detonators and, along with RDX, is the main ingredient in
SEMTEX.? More recently, silicon-based pentaerythritol derivatives [Si(CHyN3)s and
Si(CH,ONO,)s] were synthesized, but are too sensitive for practical application.’ The less
sensitive sila-nitrocarbamate derivative of PETN was also very recently investigated in our group,
however its performance data are not favorable.! Nitrocarbamates in general gained more
attention in the field of energetic materials chemistry.” Due to their resonance effects, which lead
to a reduction in the electrophilicity of the carbonyl group, they are relatively stable towards acid
hydrolysis.'® The high stability allows the nitration of carbamates using rough reaction conditions,
like fuming nitric acid and concentrated sulfuric acid. Also, salt formation is possible, taking into
account the increase of the acidity of the amino-hydrogen next to the electron withdrawing nitro
group. Pentaerythritol tetranitrocarbamate (PETNC) combines the easy availability of
pentaerythritol and the valuable properties of nitrocarbamates.'' After our reports on trinitroethyl
nitrocarbamates (TNENC),”® others were very quick to prepare the first organic salts of TNENC
and examined their properties, however with low thermal stability.'*"* Up to now, PETNC and its
ammonium salt were investigated, whereby PETNC shows better thermal stability, better
sensitivity values and comparable density to PETN. The ammonium salt is even less sensitive
than PETNC, however its density is lower. Concerning the energetic parameters, such as the
calculated detonation velocity and experimental small-scale reactivity test, PETN is the superior

compound. Though, PETNC was investigated with underwater explosion tests and showed
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acceptable performance values.'* In this work new nitrogen-rich salts, as well as selected metal
salts of PETNC are presented. These salts allow the determination of the aquatic toxicity of the
PETNC anion. Further, some alkali and alkaline earth metal salts may serve as potential flame

colorants.

6.3 Results and Discussion

6.3.1 Synthesis

The previously described synthesis of primary carbamates based on two steps, starting from a
reaction of the respective alcohol with toxic phosgene to the chloroformate and subsequent

treatment with ammonia.'

A more convenient route is using the reactive chlorosulfonyl
isocyanate (CSI) in a one-step synthesis, followed by feasible aqueous work-up.'® CSI was
discovered in Germany in 1956, nowadays it is a commercially available reagent giving easier
access to the corresponding carbamate.'”'"® Using CSI, pentaerythritol tetracarbamate was
synthesized in high yield and purity, and subsequently nitrated to pentaerythritol

tetranitrocarbamate (PETNC) with mixed acid as outlined in Scheme 6.1.

o} 0 ON 0 0. NO,
HaN—4 P—NH, HN— "
HOXOH 1) CSI, CHyCN rt., 1h OXO 1) HNO4/H,SO0y, r.t., 1h OXO
HO OH  2)H,0 0 0 2) H,0 o 0
HN— )—NH; HN—( J—NH
0 o} O,N O o NO,
PETNC

Scheme 6.1 Synthesis of pentaerythritol tetranitrocarbamate (PETNC) starting from pentaerythritol.

PETNC has four acidic nitramine hydrogen atoms, which can easily be deprotonated.
Analoguously to the tetraammonium salt,'' nitrogen-rich, alkaline and alkaline earth metal and
silver salts were obtained by the reaction of the free bases with PETNC in aqueous solution

(Scheme 6.2). However, attempts to prepare hydrazinium or hydroxylammonium salts failed.
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o o, No
OZE‘N—’( N—NH ’
X,

0 0

HN— J—NH

oN O 0 No,
PETNC
a)-c) d)-f) g)-i)
4 NH,* [10] Q] 4 Li* (2.5 H,0) “4) 2 Ca?* (7 H,0) (7)
4 C(NH,)5* (2) 4 Na* (x H,0) (5) 2 Sr2* (7 H,0) (8)
4 C(NH,),NHNH,*  (3) 4 K* (2 H,0) (6) 2 Ba ?* (4 H,0) 9)
ON O 0. NO,

oN © 0 No,

Scheme 6.2 Synthesis of various salts of PETNC. Bases used: a) ammonia, b) guanidinium carbonate,
¢) aminoguanidinium bicarbonate, hydroxides of d) lithium, e) sodium, f) potassium, g) calcium, h)
strontium and 1) barium.

The salt formation proceeds conveniently in aqueous solution at ambient temperature (except
the guanidinium salt 2 had to be heated to reflux) and colorless solids are obtained in 63% up to
quantitative yields. The metal salts form hydrates; their water content was calculated from the
elemental analysis values, except for the sodium salt 5 (extremely hygroscopic and viscous). In
addition, the water content was confirmed in most cases using thermal gravimetric analysis (TGA,
Figure 6.2). Due to the general low solubility of silver salts in water, the silver salt 10 was
synthesized with acetonitrile as solvent. Ag" is known to form a stable diacetonitrile cationic
complex [Ag(CH;CN),]". However, it was not possible to determine the exact solvate content,

therefore denoted accordingly as shown in Scheme 6.3."%%°
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ON 0 o No, ON 0O !
HN MNH N N
e T
[Aga(CHsCN)J* X
0 0 CH,CN, r.t,, 10 min 0 0

el Wl

o,N O 0  NO, oN © o  NO,

PETNC 10

Scheme 6.3 Synthesis of the silver salt of PETNC (10)

6.3.2 NMR and Vibrational Spectroscopy

In the NMR spectra some trends are observed. In the '"H NMR spectra the resonances of the
CH, groups of the tetranitrocarbamates are found at 3.81-3.91 ppm and therefore shifted upfield
compared to PETNC (6 = 4.15 ppm) due to deprotonation.'" This is consistent with the CH»-
signal of the ammonium salt which is shifted to 3.88 ppm. Comparable tendencies are observed in
the *C NMR spectra. The resonance of the carbonyl carbon atom in neutral PETNC is located at
148.9 ppm and the resonances for the salts are found at lower field between 158.8—-160.5 ppm.
The *C NMR resonances of the neopentane skeleton remain unaffected upon deprotonation of
PETNC. The resonances of the cations guanidinium and aminoguanidinium are detected at
158.0 ppm (2) and 158.9 ppm (3). In the "N NMR spectra the resonances for the nitro groups of
salts 2-8 can be detected as broadened signals between —2 and —13 ppm. The resonances for the
nitrile solvate of 10 are found at 6 =2.07 ppm in the 'H NMR, at 6 = 118.1 ppm in the *C{'H}
NMR and at —134.9 ppm in the '*N NMR spectra. The resonance of the silver-acetonitrile cation
was detected at 255 ppm in the 'Ag NMR spectrum with DMSO-Ds as solvent. A comparison
with a previous '’ Ag NMR study of solvate-free silver nitroformate solutions in various solvents
revealed, that the shift of 255 ppm is in between those of 181 (DMSO) and 430 (acetonitrile) of
Ag[C(NO,);].2" This deviation can be explained by solvate exchange between Ag'-acetonitrile
and the DMSO solvent.

In the vibrational spectra (IR and Raman, Appendix A6), the characteristic strong carbonyl

!, which are in range of the NH4"

stretching vibrations are located in the range V= 1688—1651 cm™
salt."" For the metal salts no N-H vibrations can be found in Raman spectra in the range v = 3450~
3200 cm™', due to deprotonation. Because of the predominant hydrate water which overlaps this
particular region, no statement can be made throughout the IR spectra. The N-H stretching
vibrations for hydrate-free guanidinium salt 2 and aminoguanidinium salt 3 are located at

v =3415-3208 cm ™.

6.3.3 Single-Crystal Structure Analysis

Single crystals suitable for X-ray diffraction measurements were obtained for the

aminoguanidinium salt 3 by recrystallization from water. The molecular structure of 3 is shown in
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Figure 6.1, which crystallizes as a colorless block in the triclinic space group P—1 with two

molecules per unit cell and a density of 1.65 g cm™ at 123 K.

Figure 6.1 Crystal structure of tetrakis-aminoguanidinium pentaerythritol tetranitrocarbamate 3.
Selected distances [A] and angles [°]: C3-N1 1.370(2), C3-02 1.215(2), C3-0O1 1.366(2), C2—C1
1.536(2), C2-01 1.438(2), C2-H7 0.98(2), C2-H8 0.96(2), N1-N2 1.344(2), N2-03 1.243(2), N2-04
1.238(2), N2-C3-02 132.1(1), N2-C3-01 105.0(1), 02-C3-01 122.8(1), C1-C2-0O1 113.5(1), N1-
N2-03 114.1(1), N1-N2-04 124.9(1), O3-N2-04 120.9(1), C3-N1-N2 117.4(1), C3-O1-C2
118.1(1).

The structure of 3 is similar to the ammonium salt.'' The nitro groups are rotated out of plane
of the nitrocarbamates moiety, as demonstrated by the torsion angle O3—-N2—O1-C3 (—12.5°). For
the nitramine moiety the N1-N2 bond length is 1.344 A, which is shorter than the neutral
compound (1.379 A) and more comparable to the NI-N2 bond length of the NH," salt
(1.332 A)."" For PETNC this indicates a substantial double-bond character, achieved by

delocalization of the nitrogen lone pair of N1, which is more substantial for the salts.

6.3.4 Physical and Energetic Properties

The physical and energetic properties of the salts 2-9 were determined and are summarized in
Table 6.1 and Table 6.2. PETNC and 1 were recalculated using Version 6.03 of Explo5.
Concerning the energetic properties of the non-metal salts 1-3, the aminoguanidinium salt 3 is in
the range of TNT in terms of detonation velocity (Ve = 6950 m s ™). Nevertheless, PETN and

PETNC are still superior in terms of these properties
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Table 6.1 Physical and energetic properties of salts 1-3 compared to PETNC and PETN.

" 2 3 PETNC PETN
Formula CoH2aN 1,016 C13H3N2016 C13H36N2016 CoH12N5O16 CsHsN4O1,
M [gmol '] 556.36 724.52 784.58 488.24 316.14
T, [°Cl 136 180 149 196 165
IS [J]1) >40 >40 >40 8 3
FS [N]E >360 >360 >360 360 60
ESD []]14) >1.0 >1.5 >1.5 0.75 0.50
plgem ] 1.64 1.49 (pyc.) 1.62 1.76 1.78
N [%]0 30.2 38.7 42.9 23.0 17.7
0 [%]¢ 46.1 34.6 54.5 3.3 60.7
Q. (%] -14.4 -28.7 -30.6 3.3 15.2
Q. [76]1 -40.3 -57.4 -57.1 -26.2 -10.1
AH: [kJ mol ']1! 2378 2306 -1882 -1311 -561
EXPLO5 V6.03
—ApxUP [kT kg ' 1996 1735 2219 3826 5980
Pcy [kbar] ¥ 174 134 181 242 319
v, [m s ' 7028 6336 7307 7686 8405
V, [L kg'K 856 866 890 718 743

[a] Onset decomposition point Tae from DSC measurement carried out at a heating rate of 5 °C min". [b] Impact sensitivity. [c]

Friction sensitivity. [d] Sensitivity towards electrostatic discharge. [e] RT densities are recalculated from X-ray densities or

measured by gas pycnometer (pyc.). [f] Nitrogen content. [g] Oxygen content. [h] Oxygen balance assuming the formation of CO

and [i] COz. [j] Enthalpy and of formation calculated by the CBS-4M method using Gaussian 09.%* [k] Predicted heat of
combustion, detonation pressure, detonation velocity, and volume of gaseous products calculated by using the EXPLOS (Version

6.03) program package.?

With decomposition temperatures of 136 °C (1), 180 °C (2), 149 °C (3), 186 °C (4), 156 °C
(5), 177°C (6) 161°C (7), 152°C (8), and 176 °C (9), the salts 2, 4, 6, 7 and 9 show an
appropriate thermal stability. The thermally most stable salt was the lithium salt 4 with a
decomposition temperature of 186 °C. The neutral PETNC is still the thermally most stable
compound. The sensitivities toward impact and friction were determined with a BAM
Drophammer** and a BAM Friction Tester.”” The salts were then classified according the UN
recommendations on the transport of dangerous goods,”® therefore 1-3 are considered as
insensitive and 7-9 as less sensitive. Only the lithium (4) and potassium (6) salts show impact

sensitivities in the range of sensitive compounds (20 and 7 J)
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Table 6.2 Physical properties of salts 4-9.

7 8 9

4 5 6
Formula LisCoHsNsO1e  NasCoHgNgOys  KuCoHgNiOig
2.5 H,0 -x H,O 2 H,0
M [g mol '] 557.0 * 676.6
T, [°CIM 186 156 177
IS [J] 20 * 7
FS [N]i@ 360 * 360

CayCyHgNgOj6 SryCoHgNgO16 Ba;CoHgNgO16

- 7H,O - 7THO -4 H,O
690.5 785.6 830.9
161 152 176
40 40 35
360 360 360

[a] Onset decomposition point Tae from DSC measurement carried out at a heating rate of 5 °C min™'

. [b] Impact sensitivity. [c]

Friction sensitivity. [d] Sensitivity towards electrostatic discharge. [*] The values of the sodium salt 5 were not determined,

because of its high hygroscopicity.

When comparing the room temperature densities of the synthesized salts, 1 (p = 1.62 g cm™)

and 3 (p=1.64gcm™”) show acceptable values, however only the density of PETNC
(p=1.76 g cm™) is in the range of PETN (p = 1.78 g cm>)."
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Figure 6.2 TGA measurements of PETNC (left) and the tetralithium salt 4 (right) at a heating rate of

5°C min™

TGA measurements of salts 4-9 at a heating rate of 5 °C min™’

revealed a starting weight loss

in a temperature range of 103—108 °C, which was not observed in the TGA measurement of

PETNC (Figure 6.2). This leaving hydrate water is consistent with the hydrate water calculated

from elemental analysis.

Additionally, the flame colors of the alkaline and alkaline earth salts were tested with a small-

scale set-up in a Bunsen burner flame, as these salts are known to show visible flame colors and

could be useful in terms of pyrotechnical applications. Thereby, the PETNC salts 4-8 combusted
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with a visible flame color as expected (see Appendix A6), except the low soluble barium salt 9.

Further efforts are conducted to establish the potential use in pyrotechnical formulations.

6.3.5 Toxicity Assessment

In order to determine the ecotoxicological impact of water-insoluble PETNC, the ECso
(effective concentration) values of the ammonium 1 and guanidinium 2 salts were measured. ECsg
refers to the concentration of a toxicant which induces a response of 50% after a specific exposure
time. The herein used method based on bioluminescent Vibrio fischeri NRRL-B-11177 marine
bacteria strains, whose luminescent is inhibited when exposed to a toxicant. Therefore, the ECsy is
defined as the concentration level where the bioluminescence is halfway decreased. All
measurements started with the determination of the bioluminescence of untreated reactivated
bacteria. After exposure time of 15 and 30 minutes the bioluminescence was determined. The
resulting effective concentration leads to a classification of the compounds as non-toxic (>
1.00 g L™), toxic (0.10-1.00 g L™") and very toxic (< 0.10 g L™").”” Our own previous results on
RDX,*® proved that the half maximum effective concentrations of RDX [ECs
(30 min) = 0.24 g L™'] is in the range of toxic compounds [lit.: ECso (30 min) = 0.27 g L™'].* The
ammonium salt 1 did not lead to an inhibition of the bioluminescence up to 10% after 15 and
30 minutes using a solution with ¢ =2.02 g L™'. The guanidinium salt 2 was measured in higher
concentrations and revealed an ECso value of 2.86 gL™' at 15 minutes and of 1.42gL™" at
30 minutes. Therefore, the PETNC anion can be considered as nontoxic according to Vibrio

fischeri.

6.4 Conclusions

New nitrogen-rich, alkaline, alkaline earth metal and silver salts of PETNC were synthesized
and thoroughly characterized by various analytical methods. The thermal stability of the
guanidinium salt 2 is in a promising range (180 °C) and the detonation velocity of the
aminoguanidinium salt 3 is almost in the range of PETNC. All salts are of remarkably low
sensitivity against impact, friction and electrostatic discharge. The burning behavior of the metal
salts 4-8 show a combustion with a visible flame color, as to be expected for alkali and alkaline
earth metal salts. Nevertheless, more efforts are necessary to find a practical application for salts
4-8 in pyrotechnic formulations based on their visible flame color. The tested ammonium and
guanidinium salt are considered nontoxic according to Vibrio fischeri. Further tests should show if
PETNC could have a potential application as non-toxic and stable safe-handling PETN

alternative.
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6.5 Experimental Section

6.5.1 General

Solvents, deuterated solvents of NMR experiments and all further chemicals were used as
received from the suppliers, without further purification. NMR spectra were recorded with a
Bruker 400 or Bruker 400 TR at ambient temperature. The chemical shifts were determined with
respect to external standards, MesSi ("H 399.8 MHz; *C 100.5 MHz), MeNO, (**N 28.9 MHz)
and AgNOs ('“Ag 18.6 MHz).

Infrared spectra were measured with a PerkinElmer Spectrum BX-FTIR spectrometer
equipped with a Smiths DuraSamplIR ATR device. Raman spectra were recorded in a glass tube
with a Bruker MultiRAM FT-Raman spectrometer with ND:YAG laser with excitation up to
1000 mW at 1064 nm in the range 4000—400cm'. All spectra were recorded at ambient
temperature.

Analyses of C/H/N contents were performed with an Elementar vario EL or Elementar vario
micro cube. Melting and decomposition points were measured with a Linseis DSC-PT10

apparatus with a heating rate of 5 °C min™'

in a temperature range 25-400 °C and partly by
thermal gravimetric analysis (TGA) with a PerkinElmer TGA4000.

The sensitivities towards impact and friction were determined with a BAM drophammer** and
a BAM friction tester.”> The sensitivity towards electrostatic discharge was determined with an
electric spark tester from OZM.

The toxicity assessments were carried out as described by the provider using a LUMI-Stox 300
spectrometer, obtained by HACH LANGE GmbH. According to DIN/EN/ISO 11348, a ten-point
dilution series was prepared (without G1 level) with a known weight of the salts and a 2% NaCl
stock solution.*

Single crystal X-ray diffraction studies were performed on an Oxford Diffraction Xcalibur3
diffractometer with a generator (voltage S0kV, current 40 mA) and a KappaCCD area detector
operating with Mo-K, radiation (A=0.7107 A). The solution of the structure was performed by
direct methods using SIR97°°*! and refined by full-matrix least-squares on F” (SHELXL)**™
implemented in the WINGX software package®® and finally checked with the PLATON software.*
All non-hydrogen atoms were refined anisotropically. The hydrogen atom positions were located
on a difference Fourier map. DIAMOND plots are shown with thermal ellipsoids at the 50%
probability level.

The theoretical calculations were carried out by using the program package GAUSSIAN 09*
and were visualized by GAUSSVIEW 5.08.%° Structural optimizations and frequency analyzed were
performed at the B3LYP level of theory (Becke’s BE three parameter hybrid functional using the

LYP correlation functional). For C, H, N, and O, a correlation-consistent polarized double-zeta
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basis set cc-pVDZ was used. The enthalpies (H) and free energies (G) were calculated on the
CBS-4M level of theory (complete basis set). CBS-4M starts with a HF/3-21G(d) geometry
optimization, an initial guess for the following SCF calculation as base energy. This finishes with
a final MP2/6-31+G calculation with a CBS extrapolation to correct the energy in second order.
For an approximation of higher order contributions, implementations of MP4(SDQ)/6-31+(d,p)
and additional empirical corrections are required. The enthalpies of the gas-phase species were
estimated according to the atomization energy method.’” The gas-phase enthalpies of formation
were converted into the solid-state values using the lattice energy equation provided by Jenkins.**
1 All calculations affecting the detonation parameters were based on condensed phase enthalpies

of formation and carried out by using the program package EXPLO5 V6.03.

6.5.2 Synthesis

Caution! Pentaerythritol tetranitrocarbamate (PETNC) and potentially the metal salts are
considered as sensitive materials and therefore should be handled with caution during synthesis or
manipulation, and additional protective equipment (leather jacket, face shield, ear protection,

Kevlar gloves) is strongly recommended.

General Procedure for the Salt Preparation (2-9)

Various amounts of PETNC (0.5—1 mmol) in 5-10 mL water are stirred and to this suspension
equimolar amounts of the base (guanidinium carbonate; aminoguanidinium bicarbonate;
hydroxides of lithium, sodium, potassium, calcium, strontium and barium) was added at ambient
temperature. The resulting mixture is further stirred for 1-2 hours (additionally 1 hour at 100 °C
for guanidinium carbonate) or 12 hours (Ca, Sr, Ba). In the case of Ca/Sr/Ba the precipitate is
filtered and dried. In all other cases, the water is removed in vacuo and the PETNC salts isolated

(2 83%, 3 100%, 4 65%, 5 100%, 6 93%, 7 82%, 8 63%, 9 79%).

Tetrakis(guanidinium) PETNC (2)

'H NMR ([Ds]DMSO): 6 = 7.08 (s, 24H, NH,), 3.84 (s, 8H, CH,) ppm.
BC NMR ([D]DMSO): 6 = 159.4 (CO), 158.0 (C(NH,)), 63.5 (CH»), 41.3 (C) ppm.
N NMR ([Ds]DMSO): 6 = =7 (NO>) ppm. EA: C13H3:N20016 (724.52): cale. C 21.55, H 4.45, N
38.66 %; found C 21.56, H 4.35, N 38.57 %. IS: 40 J (grain size <100 um). FS: 360 N (grain size
<100 um). ESD: 1.50 J (grain size <100 um). DSC (5 °C min™"): 180 °C (dec.).

Tetrakis(aminoguanidinium) PETNC (3)

'"H NMR ([Ds]DMSO): 6 = 8.60 (br, 4H, NANH,), 7.14 (br, 16H, C(NH,),), 4.68 (s, 8H,
NHNH,), 3.84 (s, 8H, CH,) ppm. *C NMR ([Ds]DMSO): 6 = 159.7 (CO), 158.9 (C(NH>)), 63.1
(CH»), 41.7 (C) ppm. "N NMR ([Ds]DMSO): 6 = =2 (NO») ppm. EA: C13H3N24016 (784.58):
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calc. C 19.90, H 4.62, N 42.85 %; found C 20.03, H 4.51, N 42.61 %. IS: 40 J (grain size <100
pum). FS: 360 N (grain size <100 um). ESD: 1.50 J (grain size <100 pm). DSC (5 °C min™'):
149 °C (dec.).

Tetralithium PETNC - 2.5 hydrate (4)

"H NMR ([Ds]DMSO): 6 = 3.81 (s, 8H, CH>) ppm. *C NMR ([Ds]DMSO): ¢ = 159.8 (CO),
62.0 (CH), 42.0 (C) ppm. N NMR ([Ds]DMSO): § = =7 (NO,) ppm. EA: LisCoHsN3O6 - 2.5
H>0O (557.0): calc. C 19.41, H 2.35, N 20.12 %; found C 19.56, H 2.39, N 19.98 %. IS: >20J
(grain size <100 pum). FS: 360 N (grain size <100 pum). ESD: 1.50 J (grain size <100 pm). DSC
(5 °C min™"): 186 °C (dec.).

Tetrasodium PETNC - x hydrate (5)

"H NMR ([Ds]DMSO): 6 = 3.88 (s, 8H, CH>) ppm. *C NMR ([Ds]DMSO): ¢ = 159.8 (CO),
62.2 (CH,), 42.1 (C) ppm. “N NMR ([Ds]DMSO): 6 = —13 (NO,) ppm. DSC (5 °C min"):
156 °C (dec.).

Tetrapotassium PETNC - 2 hydrate (6)

"H NMR ([Ds]DMSO): 6 = 3.88 (s, 8H, CH>) ppm. *C NMR ([Ds]DMSO): ¢ = 158.8 (CO),
62.3 (CHa), 42.1 (C) ppm. “N NMR ([Ds]DMSO): 6 = —12 (NO,) ppm. EA: K4sCoHgNgO16 2
H>0 (676.6): calc. C 15.98, H 1.79, N 16.56 %; found C 16.51, H 2.15, N 16.77 %. IS: 7 J (grain
size 100-250 pm). FS: 360 N (grain size 100-250 pm). DSC (5 °C min'): 177 °C (dec.).

Dicalcium PETNC - 7 hydrate (7)

"H NMR ([Ds]DMSO): 6 = 3.86 (s, 8H, CH,) ppm. *C NMR ([Ds]DMSO): 6 = 160.4 (CO),
62.3 (CHy), 42.1 (C) ppm. N NMR ([Ds]DMSO): 6 = —8 (NO») ppm. EA: Ca,CoHsN3O16 7 H2O
(690.5): calc. C 15.66, H 3.21, N 16.23 %; found C 15.88, H 3.24, N 16.16 %. IS: 40 J (grain size
<100 um). FS: 360N (grain size <100 um). ESD: 1.50 J (grain size <100 pum). DSC
(5 °C min™"): 167 °C (dec.)

Distrontium PETNC - 7 hydrate (8)

"H NMR ([Ds]DMSO): 6 = 3.91 (s, 8H, CH>) ppm. *C NMR ([Ds]DMSO): ¢ = 160.5 (CO),
62.5 (CH>), 42.1 (C) ppm. "N NMR ([Ds]DMSO): 6 = —7 (NO) ppm. EA: Sro.CoHsNsO16- 7 H2O
(785.6): calc. C 13.76, H 2.82, N 14.26 %; found C 13.29, H 2.41, N 12.43 %. IS: 40 J (grain size
<100 um). FS: 360 N (grain size <100 pm). ESD: 1.50 J (grain size <100 um). DSC (5 °C min™"):
152 °C (dec.).

Dibarium PETNC - 4 hydrate (9)

"H NMR ([Ds]DMSO): 6 = 3.91 (s, 8H, CH,) ppm. *C NMR ([Ds]DMSO0): J = 160.3 (CO),
62.5 (CHa), 42.0 (C) ppm. "“N NMR (not visible due to low solubility). EA: Ba,CoHsNsO1s 4
H>0 (830.9): calc. C 13.01, H 1.94, N 13.49 %; found C 13.03, H 1.82, N 13.38 %. IS: 35 J (grain
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size <100 pm). FS: 360 N (grain size <100 um). ESD: 0.80 J (grain size <100 pum). DSC
(5 °C min™"): 156 °C (dec.)

Silver PETNC (10)

Pentaerythritol tetranitrocarbamate (143 mg, 0.3 mmol) was suspended in dry acetonitrile
(10 mL) and silver carbonate (163 mg, 0.6 mmol) was added at 0 °C under exclusion of light.
Immediately within 10 minutes, the PETNC dissolved, impurities were filtered, and the solution
was evaporated in the dark at ambient temperature. Silver pentaerythritol tetranitrocarbamate (10)
was obtained as a colorless solid in 86% yield.

"H NMR ([Ds]DMSO): 6 = 4.03 (s, 8H, CH>), 2.07 (s, 6H, CH;) ppm. *C NMR ([Ds]DMSO):
0 =157.2 (CO), 118.1 (CN), 64.2 (CH,), 41.6 (C), 1.16 (CHs) ppm. N NMR ([Ds]DMSO): 6 =
—13 (NOy) —134 (CN) ppm. "®Ag ([Ds]DMSO) 6 = 255 ppm. EA: AgiCi3H14N¢O16 (997.78):
calc. C 15.65, H 1.41, N 14.04 %; found C 12.78, H 1.54, N 12.58 %.

6.6 References

1. Akhavan, J. The Chemistry of Explosives. 2™. Ed.; The Royal Society of Chemistry:
Cambridge, 2004.

2. Klapotke, T. M. Chemistry of High-Energy Materials. 4™ ed.; de Gruyter: Berlin, 2017.

3. Klapdtke, T. M.; Krumm, B.; Ilg, R.; Troegel, D.; Tacke, R. The Sila-Explosives

Si(CH,N3)s and Si(CH>ONOy)s: Silicon Analogues of the Common Explosives
Pentaerythrityl Tetraazide, C(CH2N3)4, and Pentaerythritol Tetranitrate, C(CH,ONO3)4. J.
Am. Chem. Soc. 2007, 129, 6908—6915.

4. Axthammer, Q. J.; Klapotke, T. M.; Krumm, B.; Reith, T. Energetic Sila-
Nitrocarbamates: Silicon Analogues of Neo-Pentane Derivatives. Inorg. Chem. 2016, 55,
4683-4692.

5. Frankel, M. B. N-Nitrocarbamates. US2978485A, 1961.

6. Aas, B.; Kettner, M. A.; Klapdtke, T. M.; Suc¢eska, M.; Zoller, C. Asymmetric Carbamate

Derivatives Containing Secondary Nitramine, 2,2,2-Trinitroethyl, and 2-Fluoro-2,2-
dinitroethyl Moieties. Eur. J. Inorg. Chem. 2013, 6028—6036.

7. Axthammer, Q. J.; Klapétke, T. M.; Krumm, B.; Moll, R.; Rest, S. F. The Energetic
Nitrocarbamate O>NN(H)CO[OCH,C(NO>);] Derived from Phosgene. Z. Anorg. Allg.
Chem. 2014, 640, 76-83.

8. Axthammer, Q. J.; Klapotke, T. M.; Krumm, B. Synthesis of Energetic Nitrocarbamates

from Polynitro Alcohols and Their Potential as High Energetic Oxidizers. J. Org. Chem.
2015, 80, 6329-6335.

115



Salts of Pentaerythritol Tetranitrocarbamate

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

Klapdtke, T. M.; Krumm, B.; Reith, T. Polynitrocarbamates Derived from Nitromethane.
Z. Anorg. Allg. Chem. 2017, 643, 1474—-148]1.

Gattow, G.; Knoth, W. K. Uber Chalkogenolate. 119. Untersuchungen iiber N-
Nitrocarbamate, N-Nitrocarbamidsdure-O-ethylester und Salze dieses Esters. Versuche

zur Darstellung von N-Nitrodithiocarbamaten. Z. Anorg. Allg. Chem. 1983, 499, 194-204.

Axthammer, Q. J.; Krumm, B.; Klapotke, T. M. Pentaerythritol-Based Energetic
Materials Related to PETN. Eur. J. Org. Chem. 2015, 723-729.

Li, Y.; Huang, H., Lin, X.; Pan, R., Yang, J. Oxygen-rich Anion Based Energetic Salts
with High Detonation Performances. RSC Adv. 2016, 6, 54310-54317.

Li, Y.; Huang, H., Yang, J. N-Nitrotrinitroethyl Carbamate Energetic Ionic Salts and
Preparation Method and Application thereof. CN105777587 (A), 2016.

Klapdtke, T. M.; Witkowski, T. G., Wilk, Z.; Hadzik, J. Determination of the Initiating
Capability of Detonators Containing TKX-50, MAD-X1, PETNC, DAAF, RDX, HMX or
PETN as a Base Charge, by Underwater Explosion Test. Propellants, Explos., Pyrotech.
2016, 41, 92-97.

Cotarca, L.; Eckert, H. Phosgenations — A Handbook. Wiley-VCH: Weinheim, 2005.

Rasmussen, J. K.; Hassner, A. Recent Developments in the Synthetic Uses of

Chlorosulfonyl Isocyanate. Chem. Rev. 1976, 76, 389—408.

Graf, R. Uber die Umsetzung von Chlorcyan mit Schwefeltrioxyd. Chem. Ber. 1956, 89,
1071-1079.

Dhar, D. N.; Dhar, P. The Chemistry of Chlorosulfonyl Isocyanate. World Scientific:
Singapore, 2002.
Cox, B. G.; Natarajan, R.; Waghorne, W. E. Thermodynamic Properties for Transfer of

Electrolytes from Water to Acetonitrile and to Acetonitrile + Water Mixtures. J. Chem.

Soc., Faraday Trans. 1 1979, 75, 86-95.

Guinand, L., Hobt, K. L., Mittermaier, E., RéBler, E., Schwenk, A., Schneider, H. '”Ag
NMR-Study of the Selective Solvation of the Ag" Ton in Solvent Mixtures of Water and
the Organic Solvents: Pyridine, Acetonitrile, Dimethyl Sulfoxide. Z. Naturforsch. 1984,
394, 83-94.

Klapétke. T. M.; Krumm, B.; Moll, R.; Penger, A.; Sproll. S. M.; Berger. R. J. F.; Hayes.
S. A., Mitzel, N. W. Structures of Energetic Acetylene Derivatives HC=CCH,ONO,,
(NO2);CCH2C=CCH>C(NO»); and Trinitroethane, (NO,);CCHs. Z. Naturforsch. 2013,
68B, 719.

Suceska, M., EXPLOS V6.03. Zagreb (Croatia), 2015.



23.

24.

25.

26.

27.

28.

29.

30.

31.

Salts of Pentaerythritol Tetranitrocarbamate

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J.
R.; G. Scalmani, V. B.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li,
X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.;
Kitao, O.; Nakai, H.; Vreven, T.; J. A. Montgomery, J.; Peralta, J. E.; Ogliaro, F.;
Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.;
Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.;
Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V.
G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.;
Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09. Rev. A.02 ed.;
Gaussian, Inc.: Wallingford CT (US), 2009.

NATO Standardization Agreement 4489 (STANAG 4489), Explosives, Impact Sensitivity
Tests; Brussels, Belgium, 1999.

NATO Standardization Agreement 4487 (STANAG 4487), Explosives, Friction Sensitivity
Tests; Brussels, Belgium, 2002.

Laying down test methods pursuant to Regulation (EC) No 1907/2006 of the European
Parliament and of the Council on the Evaluation, Authorisation and Restriction of

Chemicals (REACH). 2008; Vol. Abl. L 142, p 93—103.

Cao, C. J.; Johnson, M. S.; Hurley, M. M.; Klapétke, T. M. In Vitro Approach to Rapid
Toxicity Assessment of Novel High-Nitrogen Energetics. JANNAF J. Propuls. Energet.
2012, 5, 41-51.

Fischer, D.; Klapotke, T. M.; Reymann, M.; Stierstorfer, J. Dense Energetic
Nitraminofurazanes. Chem. — Eur. J. 2014, 20, 6401-6411.

Wasserbeschaffenheit — Bestimmung der Hemmwirkung von Wasserproben auf die
Lichtemission von Vibrio Fischeri (Leuchtbakterientest). In Wasserbeschaffenheit —

Bestimmung der Hemmwirkung von Wasserproben auf die Lichtemission von Vibrio

Fischeri (Leuchtbakterientest), 2009; Vol. DIN EN ISO 11348-2.

Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Burla,
M. C.; Polidori, G.; Camalli, M.; Spagna, R. SIR97, 1997.

Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.; Giacovazzo, C.; Guagliardi,
A.; Moliterni, A. G. G.; Polidori, G.; Spagna, R. SIR97: a New Tool for Crystal Structure
Determination and Refinement. J. Appl. Crystallogr. 1999, 32, 115-119.

117



Salts of Pentaerythritol Tetranitrocarbamate

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

Sheldrick, G. M. SHELX-97, Programs for Crystal Structure Determination, University
of Gottingen, Gottingen (Germany), 1997.

Sheldrick, G. M. A. Short History of SHELX. Acta Crystallogr. 2008, 644, 112-122.

Farrugia, L. J. WinGX Suite for Small-molecule Single-crystal Crystallography. J. Appl.
Crystallogr. 1999, 32, 837-838.

Spek, A. Structure Validation in Chemical Crystallography. Acta Crystallogr. 2009, 65D,
148-155.

Dennington II, R. D.; Keith, T. A.; Millam, J. M. GaussView. Ver. 5.08 ed.; Semichem,
Inc.: Wallingford CT (US), 2009.

Byrd, E. F. C.; Rice, B. M. Improved Prediction of Heats of Formation of Energetic
Materials Using Quantum Mechanical Calculations. J. Phys. Chem. 2005, 110, 1005—
1013.

Jenkins, H. D. B.; Roobottom, H. K., Passmore, J., Glasser, L. Relationships among Ionic
Lattice Energies, Molecular (Formula Unit) Volumes, and Thermochemical Radii. /norg.

Chem. 1999, 38, 3609-3620.

Jenkins, H. D. B.; Tudela, D., Glasser, L. Lattice Potential Energy Estimation for
Complex Ionic Salts from Density Measurements. /norg. Chem. 2002, 41, 2364-2367.
Jenkins, H. D. B.; Glasser, L. Ionic Hydrates, MpXq - H>O: Lattice Energy and Standard
Enthalpy of Formation Estimation. Inorg. Chem. 2002, 41, 4378—4388.

Jenkins, H. D. B. Chemical Thermodynamics at a Glance. 1% ed.; Blackwell: Oxford,
2007



7 Aquatic Toxicity Measurements

Toxicity Assessment of Energetic Materials
by Using the Luminescent Bacteria Inhibition
Test Toxicity Assessment of Energetic
Materials by Using the Luminescent Bacteria
Inhibition Test

T. M. Klapotke, R. Scharf, J. Stierstorfer and C. C. Unger
Propellants, Explos. Pyrotech. 2020, in press.




Aquatic Toxicity Measurements

7.1 Abstract

The luminescent bacteria inhibition test using Aliivibrio fischeri is a well-established method
to determine the aquatic toxicity of soluble chemicals. More precisely, the effective concentration
(ECsp) after 15 and 30 min is determined in this test. The inhibition of natural bioluminescence of
these bacteria gives a first idea of the toxicity of compounds towards some aquatic organisms. It
is a cost and time efficient experimental method, which does not involve animals. In this
contribution the experimental set up, comparability with other measurements and results of
recently described compounds is presented. Different types of energetic materials such as
coordination (e. g. [Cu(dtp);](ClO4), and [Fe(MTZ)s](ClO4)2), neutral (e. g. azidoethanol, 1 and 2
aminotetrazole) and ionic (e. g. polynitropyrazolates and PETNC salts) compounds were
investigated and compared to commonly used materials, like RDX, ammonium perchlorate (AP)
and azide salts. Furthermore, different substitution patterns and energetic functionalities such as

azido-, nitro- and nitramino-groups were investigated.

7.2 Introduction

Strong research efforts are ongoing to find new energetic materials with superior energetic
properties like higher performance, lower sensitivities and better stabilities during the last
decades.!'! However, not only physicochemical properties are important but also environmentally
friendly substances are requested. Unfortunately some commonly used explosives, such as
hexogen (RDX) and 2,4,6-trinitrotoluene (TNT) have shown to be toxic depending on dose and
organism."”! Furthermore, waste streams of TNT, are a possible source for pollution of drinking
water with TNT, dinitrotoluene, nitrotoluene and acids.”) Another example how the ecosystem
could be affected, is that munitions manufacturing led to contamination of soils, sediments, and
water with explosives such as TNT, RDX and PETN.[¥ Furthermore, lead is a highly poisonous
metal whether it is inhaled or swallowed affecting the whole body and may even cause death in
high concentrations.”! Studies showed that at shooting ranges and military training grounds the
maximum accepted concentration of lead (0.15 mgm™)!® is often exceeded by far.' 7 One
possible reason is that lead is the main element of lead shots, which also contain variable amounts
of tin, arsenic and antimony.™ The latter and also lead are replaced in the SINTOX primer
composition, developed at the Dynamit Nobel AG.®”) Amongst others, this development provoked
the research towards 'greener' primer compositions and pyrotechnics. Still, ammonium perchlorate
is the commonly used oxidizer in solid rocket propellants. Furthermore, many pyrotechnical

formulations contain perchlorates, since there is a lack of suitable alternatives. It is known that the
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perchlorate anion interferes with the thyroid function.'” Therefore, there is need for new
environmentally friendlier energetic materials.

Several tests have been implemented to determine the toxicity of compounds or ground waters
utilizing plants, algae, fishes, mice or water fleas.'""! However most of these tests show
disadvantages like huge test volume, long exposure periods, difficulties with the standardizations
of the organisms and subsequent low reproducibilities.!'”) Comparing the toxicity levels of TNT
and PETN in Aliivibrio fischeri, Daphnia magna and Pimephales promales, as well as the LDs
value in rats, TNT is more toxic than PETN in every organism. Comparing the exposure periods,
Aliivibrio fischeri (30 min) is superior to Daphnia magna (48 h) as well as Pimephales promales
(96 h) and amongst them the only animal free test. Therefore, Luminescent Bacteria Inhibition
Test provides a quick, simple and reproducible possibility to test new energetic materials towards
their environmental acceptability for aquatic organisms. Since the bioluminescent bacterium
Aliivibrio fischeri is an excellent representative for aquatic life, it is used as indicator for
groundwater pollution"” and gained more attention in different research areas over the last
years.!'"¥ Bioluminescence is a form of chemiluminescence where light is released by a chemical
reaction. The complex biochemical mechanism of the bioluminescent marine bacteria Aliivibrio
fischeri is shown in Figure 7.1.1"°! In the system three enzymatic complexes are involved: the
Flavin Reductase (FMN Reductase), the Luciferase and the Fatty Acid Reductase. In the first step
flavin mononucleotide (FMN) is metabolized to its reduced form (FMNH,) catalyzed by the FMN
Reductase. The reduced flavin molecule is able to bind to the Luciferase and in combination with
an aliphatic aldehyde and under consumption of oxygen the peroxihemiacetal complex L--
FMNH-O-O-CHOH-R is formed. In the following step aliphatic acid is released and a singlet
excited hydroxide complex (L--FMNH-OH)* is generated, which directly reacts to the hydroxide
complex L--FMNHOH in the ground state under liberation of light in a chemically initiated
electron exchange luminescence (CIEEL) mechanism (see Appendix A7). The emitted light with

a wavelength of 490 nm can be observed and measured by a photomultiplier.!'>'%
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Figure 7.1 Schematic overview of the biochemical light emitting pathway of the bioluminescent
bacteria Aliivibrio fischeri and Photobacterium.

The metabolic activity of the bacteria is directly proportional to the light production and any
inhibition of enzymatic activity due to toxicant causes a corresponding decrease in
bioluminescence. The value at which the luminescence of Aliivibrio fischeri is reduced by 50% at
its specific concentration is determined and is defined as ECsy (effective concentration). This
concentration is determined after 15 min and 30 min, respectively, for various energetic materials
such as RDX, ammonium perchlorate and several more recently synthesized neutral and ionic

compounds, as well as complexes

7.3 Experimental Section

7.3.1 Test Compounds

Commercially available compounds were used as supplied without further purification. The
purity of in-house synthesized materials was determined using elemental analysis.
7.3.2 Measurement

Liquid dried luminescent bacteria of the strain Aliivibrio fischeri NRRL-B-11177 obtained by
HACH LANGE GmbH (Diisseldorf, Germany) were used for the luminescent bacteria inhibition

test.
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Prior to the measurements a 2% NaCl stock solution was prepared using HPLC-grade water to
ensure optimal salt conditions for the bacteria. The tested compounds of known weight are diluted
in this stock solution and after complete solvation, as well as setting the pH value to 6-8, were
adjusted to a final volume. A dilution series was prepared out of this test solution referring to DIN
38412 L34, L341. The dilutions range from 1:2 to 1:32. Due to the low solubility of RDX in
water RDX was first dissolved in acetone and then diluted in 2% NaCl stock solution to obtain a
1% (vol%) acetone concentration for each dilution. A 1% acetone concentration in the control of
the measurement showed a negligible effect on the bacteria.!'” Our resulting values for RDX are
consistent with literature values.!'*)

The measurements were performed on a LUMIStox 300 spectrometer obtained by HACH
LANGE GmbH (Diisseldorf, Germany), were DIN EN ISO 11348-2, which is similar to ASTM
method D5660, was used as a guideline.!'” The samples were incubated at 15°C and the
luminescence was tested in the beginning of each experiment and after 15 min and 30 min.
During the whole measurement the temperature must be kept at this temperature within a range of
+0.3 °C. Each dilution step was measured twice. To calculate the correction factor of a non-toxic
control two bacteria suspensions with 1% NaCl were measured at the beginning of each
measurement. The toxicity data with the inhibition were used to fit a straight line, and therefore to
calculate the ECs value. For details of the calculation see Appendix A7. When the inhibition of a

compound did not reach the 10% limit, the ECso reported ">>" for the highest measured.

7.4 Results and Discussion

Table 7.1-Table 7.8 summarize the toxicity data of several neutral and ionic compounds like
ammonium, hydroxylammonium, sodium and potassium salts. Most of the compiled compounds
are useful energetic materials or potential precursors. An important factor when measuring the
toxicities of energetic materials is the water solubility of the substances. To increase the water
solubility RDX was first dissolved in acetone and then diluted to get a 1% acetone solution. The
ECso value of RDX after 15 min incubation (ECso=0.327 g L") fits well with the value of
ECso=0.322gL™" given in the literature."¥! Nevertheless, it was not possible to obtain a
concentration high enough to determine the ECsy values of pentaerythritol tetranitrate (PETN),
cyclotetramethylene tetranitramine (HMX), 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexanitrohexaazaisowurtzitane (CL-20) and 2,2-dinitroethene-1,1-diamine (FOX-7). For
classification of the toxicity the compounds with ECsy values lower than 0.10 gL' are
categorized as very toxic (++) while compounds with ECso values between 0.10 g L' and
1.00 g L' are rated as toxic (+) and above 1.00 g L' as less toxic (—) to the marine bacteria

Aliivibrio fischeri after 30 min incubation time.['"® Therefore mainly the ECso value after 30 min

123



Aquatic Toxicity Measurements

incubation will be discussed. The concentration of the compounds was mainly chosen to be over
3 g L™ in the stock, in order to have the series of dilution be in the range of the above-mentioned
categorization. Still the toxicity according to ECso values is relative and can be more or less toxic
at higher or lower concentrations. To get a detailed impression on the toxicity, the ECso values
should be measured in various concentrations and compared to other organisms in the further
development. This categorization is also common amongst other scientific fields, such as
antibiotics research, furthermore, labelling following the globally harmonized system (GHS) is

[20) The GHS refers to three acute toxicity classification categories. Therefore, they

possible.
recommend determining a fish 96 hour LCs, a crustacea species 48 hour ECsy and/or an algal
species 72 or 96 hour ECso. Substances classified according to the criteria are categorized as

'hazardous to the aquatic environment' as it follows:

e <ImglL — Acute 1
e >1<10mgL™ — Acute 2
e >10-<100mgL™ — Acute 3

The toxicity measurements of commercially available salts like potassium chlorate, bromate
and iodate as well as ammonium nitrate and perchlorate showed almost no toxicity of the salts
towards the bacteria, because no inhibition of luminescence was observed with concentrations of
2.5 g L' and an incubation time of 30 min. Besides, the highest toxicity is observed for the azide
anion followed by the periodate anion, whereas ammonium nitrate and dinitramide led to higher
ECso values as seen in Table 7.1 and Figure 7.2. Similar toxicity trends against Aliivibrio fischeri
were observed for the azide, nitrate and dinitramide salts of 1,4-dimethyl-5-aminotetrazole in the
literature.!"™ The perchlorate anion showed no effect on the luminescence of the bacteria. Studies
showed a toxicity of the perchlorate anion towards vertebrates, which probably only results from

the interaction with the sodium/iodide symporter."

Inhibition [%]
\
\\
\
"\
\
\
i\
\
i

0 0,2 04 06 08 1 12 14 16 18
Concentration [g L™"]

Figure 7.2 Diagram of the inhibition of some common energetic salts and RDX after 30 min of
incubation.
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Nonetheless, also for the hydroxylammonium cation a negative effect on the toxicity was

2l and

observed. The primary explosives dipotassium 1,5-di(nitramino)tetrazolate (1a)t
dipotassium 1,1'-di(nitramino)-5,5"-bitetrazolate (2a)**! as well as copper(I) 5-nitrotetrazolate

(DBX-1)* are potential lead-free replacements for lead azide (Table 7.2).

Table 7.1 Toxicity data of common energetic materials and ionic compounds after 15 min and 30 min
of incubation and their considered toxicity level after 30 minutes [less toxic (—), toxic (+), very toxic
(+H)UEN.

ECso (15 min) ECs0 (30 min) Toxicity level

[g L] [g L]
NaN; 0.25 0.18 +
NalO, 0.77 0.65 +
KIO, 0.89 0.68 +
KCIO; >>2.49 >>2.49 -
KBrO; >>?2 49 >>?2 49 -
KIO; >>2.53 >>2.53 -
NH;0HCl 0.59 0.22 +
NH.N; 0.26 0.15 +
NH,NO; 10.49 6.39 -
NH,CIO, 14.58 11.13 -
NH,IO, 0.58 0.48 +
NH/N(NO,), 7.25 450 -
RDX 0.33 0.24 +

Since DBX-1 is nearly insoluble in water no ECso value could be determined. Therefore, the

231 was measured. With ECsy values higher

precursor of DBX-1 sodium 5-nitrotetrazolate (3a)!
than 3.9 g L' all of these compounds are classified as not toxic towards the marine bacteria
Aliivibrio fischeri."™™ Further salts of 5-nitrotetrazole were mentioned so far, e. g. the guanazinium
(ECso (30 min)=0.10 g L™"), the guanidinium (ECs0 (30 min)=0.78 g L"), the
aminoguanidinium (ECso (30 min)=2.65gL™") and the 1,4-dimethyl-5-aminotetrazolium

(ECso (30 min) = 3.61 g L") salts.!"*)
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Table 7.2 Toxicity data of neutral and ionic energetic materials 1a—7a after 15 min and 30 min of
incubation and their considered toxicity level after 30 minutes [less toxic (—), toxic (+), very toxic
(+H)18)]

. NN
H,N\>7N,N®02 m N \N N R YN0, N2 NH, ° oy
~N NONT N NT N-N _NL Nen' NOz
\ o N=N 7 N7 TNTTUNO, N
N © No =N NN LN
o,N O,N N N=N N
2K 2K Na* K* Kt
1a 2a 3a 4 5 6a 7a
ECs >1.63 >5.93 14.08 7.23 6.69 >>1.60 >>1.61
(15 min)
[g L]
ECs 3.92 11.63 4.35 4.58 3.87 >>1.60 >>1.61
(30 min)
[g L]
Toxicity - - - - - - -
level

Another evaluated variation affecting the tetrazole scaffold, listed in Table 7.2 as well, are the
1- and 2-amino as well as the nitramino substituted derivates 4—7a. These show ECso values much
higher than 1.00 g L™, therefore are classified as non-toxic against Aliivibrio fischeri.*¥

The toxicities of different hydroxyl ammonium (Figure 7.3) and ammonium bitetrazolates
were determined (Table 7.3). Bis(hydroxylammonium) 5,5'-bitetrazole-1,1'-dioxide (8a, TKX-
50)1, bis(hydroxylammonium) and bis(ammonium) 5-(1-oxidotetrazolyl)-tetrazolate (9a and
9b)*!, bis(hydroxylammonium) and bis(ammonium) 5-(2-oxidotetrazolyl)-tetrazolate (10a and
10b)?7 and bis(hydroxylammonium) 5,5"-bitetrazole 1,2'-dioxide (11a)** are potential
replacements for the secondary explosive RDX. All of these salts as well as the neutral compound
5-(1H-tetrazolyl)-2-hydroxytetrazole monohydrate (10)™*”) were tested by the luminescent bacteria
inhibition test. The ammonium salts 9b and 10b showed with ECso values of 3.68 g L' and
1.03 g L', respectively, low toxicities towards the marine bacteria. However, the exchange of the
non-toxic ammonium cation with the hydroxylammonium cation significantly increases the
toxicity of the bitetrazolate salts. With ECso values in the range of 0.10-0.58 g L™" after 30 min
incubation, the compounds are classified as toxic. Nevertheless, for 8a
(ECso (30 min) = 0.58 g L") and 9a (ECso (30 min) = 0.33 g L™") lower toxicities than for RDX
(ECso (30 min) =0.24 g L") were observed. The ECsy value for the neutral bitetrazole 10
(ECs0 (30 min) = 0.33 g L") is in between the hydroxylammonium salt 10a and the ammonium
salt 10b. As 10a is more toxic than 9a and 11a is more toxic than 8a, it seems that a substitution
at 2-position results in higher toxicity values compared to toxicity values of the derivatives with
substitution at 1-position. Still they are less toxic compared to the divalent hydroxylammonium
(12a) and ammonium (12b) salts of the unsubstituted bitetrazole. The monovalent ammonium

1,5-bistetrazole was described to have an ECso value of 0.84 g L™! after 30 minutes of incubation
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(ECso=0.89 g L™).1'8

Figure 7.3 Diagram
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in a comparable

Aquatic Toxicity Measurements

range as the divalent
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of the inhibition of the hydroxylammonium salts of bitetrazoles 8a—12a after

Table 7.3 Toxicity data of neutral and ionic energetic materials 8a—15a after 15 min and 30 min of
incubation and their considered toxicity level after 30 minutes [less toxic (—), toxic (+), very toxic

(+H)UE.
o° Qe © °
NN N N S N N w o
N SH Moy A < A Moy Gt
\oe © H H \06
2 NHZOH* 10 10a = 2 NH3OH" 2 NHZ0H*
9a = 2 NH;0H" 10b = 2 NH,* 11a
8a 9b =2 NH,"
ECs 1.17 1.63 4.21 0.60 0.39 1.73 0.32
(15 min) a b a b
[gL™]
ECs 0.58 0.33 3.68 0.49 0.18 1.03 0.24
(30 min) a b a b
[gL™]
Toxicity + + - + + - +
level
© N N NH.
© Q “ONH NO HoN )
N’N\ N-n ON_N N~ Y HoN ! 2 YN N-NH
] il DR N NN NS T
N\N>®_<\N,N N‘\N\>—<\NAN02 INHNJLNH INHNJLNHQ HN ] NNJ\NHz
Oo HN, ON, 2
- . NO, NO,
11;;; z ;‘nfﬁ? 2 NHz0H* 14 14a = 2 NH;0H" 2NNO)2
13a 14b = Li*, 3 H,0 15a
ECs 0.25 2.03 0.33 0.13 0.75 >>1.58 >1.04
(15 min) a b a b
[gL™]
ECs 0.10 0.89 0.19 0.07 0.35 >>1.58 3.78
(30 min) a b a b
[gL™]
Toxicity + - + ++ + - -
level
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Also the toxicities of the hydroxylammonium salts of 3,3'-dinitro-5,5'-bi-1,2,4-triazole-1,1'-
diol (13a, MAD-X1)?" and 5,5'-diamino-4,4'-dinitramino-3,3'-bi-1,2,4-triazole (14a)*” have
been investigated. Both compounds are toxic to aquatic life with ECso values of 0.19 g L™' (13a)
and 0.35 g L™! (14a). The neutral compound 5,5'-diamino-4,4'-dinitramino-3,3'-bi-1,2,4-triazole*"’
is classified as very toxic (ECso (30 min)=0.07 gL™"). The thermally stable nitrogen-rich
aromatic cations have been investigated, too. Toxicity measurements for 4,4',5,5'-tetramino-3,3'-
bi-1,2,4-triazolium dinitramide (15a)®" as well as 3,6,7-triamino-7H-[1,2,4]triazolo[4,3-
b][1,2,4]triazolium nitrate (16a)** and its neutral analogue 3,6,7-triamino-7H-[1,2,4]triazolo[4,3-
b][1,2,4]triazole (16)1**! showed ECso values higher than 3.36 g L ™' and are therefore low toxic for
marine organisms.

Table 7.4 Toxicity data of neutral and ionic energetic materials 16-22a after 15 min and 30 min of

incubation and their considered toxicity level after 30 minutes [less toxic (—), toxic (+), very toxic
(+H)UEN.

HoN HoN

NN, NN ® H H o No2 oy o )y o M o
HZN%\NI/N HZN%\NI\{NH o) N;N;N ) HO, N;N;N OH C"i}%N o-N /,N$N6 3:}“}‘&6 NN\\N’\N N/*N’th
NH, NH, N N NN NS/ N0 pON N o
N\\N,N N\N,/N N\\N,N N\N/,N ON/NO Ne O,N . N
16 16a = N0y 2NHg* 2NH,* OaN 2 NH, 21 22 ;
17a 18 192 208
ECs 5.01 3.56 2.97 0.59 2.88 0.09 1.19 5.73
(15 min) a
gL
ECs 4.84 3.36 1.82 0.55 2.80 0.07 0.71 542
(30 min) a
gL
Toxicity - - - + - ++ + -
level

The  compounds  4,5-bi-(1H-tetrazol-5-yl)-2H-1,2,3-triazole  (17) and  4,5-bi-(1-
hydroxytetrazol-5-yl)-2H-1,2,3-triazole (18) combine the advantages of the triazole and tetrazole
heterocycles by forming energetic and thermally stable molecules.”*! For toxicity measurements
the ammonium salt of 17 as well as the neutral compound 18 were investigated. While
bis(ammonium) 4,5-bi-(1H-tetrazol-5-yl)-2H-1,2,3-triazolate (17a) is less toxic to Aliivibrio
fischeri (ECso (30 min)=1.82gL™") a decrease of Iluminescence is observed for 18
(ECs0 (30 min) = 0.55 g L") (Table 7.4).

The energetic nitrofurazans 3,3'-dinitramino-4,4'-bifurazan (19), 3,3'-dinitramino-4,4'-
azobifurazan (20), 3,3'-dinitramino-4,4'-azoxybifurazan (21) and bi(1-oxidotetrazolyl)-furazan
(22) as well as their salts are also possible RDX replacements.**! For toxicity assessment the
ammonium salts of these compounds (19a, 20a, 21a and 22a) were tested. The bifurazan salt 19a

and the bi(tetrazolyl)-furazan salt 22a show both low toxicities, while the azo-bridged compounds
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possess moderate (21a) to high toxicities (20a) towards aquatic life. Unfortunately, also the

thermal stabilities and sensitivities of most of the furazan compounds are worse than of RDX.

Table 7.5 Toxicity data of energetic ligands and complexes 23-27 after 15 min and 30 min of
incubation and their considered toxicity level after 30 minutes [less toxic (—), toxic (+), very toxic
(+H)UEn.

Ly
{ Ky iyt i s
E‘i:) {bi‘*"t}mo")z WL {tﬁ”t (CI04), G,
24 » 7
® Lt oo s
ECs 31.51 2.62 0.19 0.53 0.29
(15 min)
[g L]
EC50 5.45 1.66 0.19 0.13 0.21
(30 min)
[g L]
Toxicity - - + + +
level

The 1-methyl-substituted tetrazole 23 is as comparably non-toxic as the salts of amino-, nitro-
and nitramino-substituted tetrazoles 1a, 3a, 4, 5, 6a and 7a. Also the iron(Il)complex 24 of 23
remains non-toxic according to this test.’%) Its toxicity drops towards the classification of toxic
compounds upon complex formation using copper(Il)metal, regardless if the used anion was
chlorate (25), perchlorate (26) or bromate (27), as listed in Table 7.5.°°%" Due to the toxicity of

B8] similar results were observed for the

the copper(Il)metal towards microorganisms,
copper(Il)complexes 31-33, which were more toxic compared to their used ligands only
(Table 7.6). Those propyl-linked bitetrazoles (28-30) have a little variation in their substitution
pattern, but the ECsy values are in the range of 0.36 g L™ (30) to 10.30 g L™' (28).”) Whereby,
the 2,2-substituted is the most toxic, followed by 1,2-substitued and the 1,1-substituted is the non-

toxic tetrazole. This trend was also observed for the bitetrazoles around TKX-50 (8a—11a).
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Table 7.6 Toxicity data of energetic ligands and complexes 28-33 after 15 min and 30 min of
incubation and their considered toxicity level after 30 minutes [less toxic (—), toxic (+), very toxic
(+H)UE.

L L
Li.L L Ly JiLy
Cu | (CI0), bt [co, “cu | (C10a),
(N\'ﬂ/\/\”\"N? {L \l L} {L’ﬂ"L (ClO4), Ly L‘2Lz
=N N=p

NN )
N=N N=N N=N N=y
28 29 30 3 2 L'3=330
L=28 L=2 Ly =H,0
ECs 13.90 0.81 0.36 0.44 0.64 0.34
(15 min)
[g L]
ECs 10.30 0.79 0.36 0.35 0.44 0.28
(30 min)
[g L]
Toxicity - + + + + +
level

Pyrazoles are depicted in Table 7.7 and form a class of substances, which gained more
attention in the energetic community recently. Their concentration depending inhibition is shown
in Figure 7.4. According to former studies, pyrazoles in general are biologically active, whereby
they inhibit several enzymes and led to centrilobular necrosis of the liver as well as the thyroid
and adrenals in both rats and mice.[*” There were also investigations on 3-nitropyrazoles, which
showed an effect on bacterial infections, but the acute toxicity against mice, rats, or dogs was

relatively low.[*!

! In addition, we recently published a study on high performing dinitropyrazoles
including the aquatic toxicities.'”) They also include a comparative study of aquatic toxicity and

the mutagenic potential of BDNAPM.!'®*! Further effort is part of our ongoing research.
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Figure 7.4 Diagram of the inhibition of the potassium salts of pyrazoles 35a-39a after 30 min of
incubation.
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Table 7.7 Toxicity data of neutral and ionic energetic materials 34a—40a after 15 min and 30 min of
incubation and their considered toxicity level after 30 minutes [less toxic (—), toxic (+), very toxic
(+H)UE.

NO, NO, NO, NH; NO; NO,
0N NO, O,N NO, = S)
o0 . K*, 0.5 H,0 © NO:
K*, H,0 K* 36 36a =K a7a K* 382 =K K*, Ho0
34a 358 382 39b = Na*, H,0 40a
ECs <0.10 0.27 0.27 1.21 0.70 0.61 0.75 0.60 2.86
(15 min) a a b
[g L]
ECs <0.08 0.20 0.19 0.95 0.43 0.30 0.74  0.58 1.42
(30 min) a a b
[g L]
Toxicity ++ + + + + + + + -
level

The synthesis of meso-erythritol tetranitrocarbamate (41) started from corresponding sugar
alcohol by an economically benign two-step synthesis.**! Primary nitrocarbamates form a new
class of energetic materials with good detonation performances and lower sensitivities than the
commonly used nitrate ester explosive PETN. During the toxicity measurements a moderate
inhibition of luminescence was observed for compound 41 (ECso=0.87 gL™") which is in
comparison to RDX still less toxic. The PETN analogous PETNC (42), which is synthesized from
the same starting material as PETN, is not water soluble itself.!** Therefore the aquatic toxicity of
its ammonium (42a) and guanidinium (42b) salts were determined. Both showed no toxic effect

towards Aliivibrio fischeri (Table 7.8).1%%]
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Table 7.8 Toxicity data of neutral and ionic energetic materials 41-49a after 15 min and 30 min of
incubation and their considered toxicity level after 30 minutes [less toxic (—), toxic (+), very toxic
()09

MO O2N, Jz 3L _NO,
i QAO " oN gxo No (0zN)sC_OH "ol HN oy
2 A N o O, 2)3
O,N § g/\c‘)/\/OIN NO, OQN'NTg OW/N‘E)OZ
Y 43 a4
o.N 42a =4 NH,*
4 42b = 4 C(NH,);"
ECs 0.87 >>2.02 2.86 0.29 <0.10
(15 min) a b
[gL™]
ECs 0.87 >>2.02 1.42 0.22 <0.10
(30 min) a b
g L]
Toxicity + - - + ++
level
Ny NO,
ON ©N-NO,
HO ~\-NH2 o
HO\/\CF(N02)2 \/\N3 H - - oN-N© NO
TN O,N
45 46 47 4K*
48 492
ECs 0.002 8.70 6.00 0.01 >15.07
(15 min)
g L]
ECs 0.001 8.55 5.89 0.01 >15.07
(30 min)
g L]
Toxicity ++ - - ++ -
level

An important building block for the synthesis of oxygen-rich energetic compounds is the
2,2 2-trinitroethanol (43). It is formed by a simple Henry reaction starting from trinitromethane

'e- 471 In contact with nucleophiles and bases it decomposes into its starting

and formaldehyde.!
materials. When measuring the toxicity of the alcohol 43 and its decomposition products by the
luminescent bacteria inhibition test an ECs value of 0.22 g L™! was determined. Therefore, 43 has
to be classified as toxic. The toxicity of another water-soluble trinitroalkyl compound,
trinitropropylammonium chloride (44), is lower and in the range of very toxic compounds
(ECs0<0.10 g L™").* A further trinitroalkyl substituted compound, (bis(2,2,2-trinitroethyl)-
hydrazodicarboxylate), was reported to show high aquatic toxicity against Aliivibrio fischeri
(ECso (30 min) = 0.02mg L ™")." With a fluorodinitroethyl moiety attached to an ethanol
backbone, as in 45, the toxicity drops further to 0.001 g L™' .1 This high toxicity value is

consistent with former measurements using gram positive bacteria such as Staphylococcus aureus

and Intestinal bacillus.®® Adding 2-azidoethanol (46) to the row of aliphatic alcohols, which are
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important in the field of energetic materials, especially for propellants, it's the least toxic
compound towards Aliivibrio fischeri. It is also relatively low in toxicity compared to ionic azide
compounds NaN; and NHsN; and also to monomethylhydrazine (47).°" The trend of covalent
azides being less toxic compared to their ionic representatives continues according to our ongoing
research.

6-Diazonium-3-hydroxy-2.,4-dinitrophenolate (48) is a derivative of the commercially used
primary explosive 2-diazonium-4,6-dinitrophenolate (DDNP). Chemical and physical studies as
well as detonation calculations showed similar or even better properties than DDNP.? However
toxicity measurements of the benzene derivative 48 revealed a high toxic effect on the marine
bacteria (ECso (30 min) = 0.01 g L ™).

1,1,2,2-Tetranitraminoethane (49) was first synthesized in 1988 as an intermediate for the
synthesis of CL-20.1°*) However, 48 itself and the salts thereof are already energetic materials with
a high oxygen content, high density and high thermal stability. Toxicity measurements of the
potassium salt of 49 (49a)P¥ showed even at high concentrations negligible effects on the
luminescence of the bacteria (ECso> 15.07 g L™"). Therefore, compound 49a is more than 50

times less toxic to the bacteria Aliivibrio fischeri than RDX.

7.5 Conclusion

The toxicities of several energetic neutral and ionic compounds as well as complexes have
been tested using the luminescence bacteria inhibition test. Some trends according the ECso values
are discussed. Even though the median effective concentration just shows a point estimate from a
dose response curve and the toxicity might vary in higher or lower concentrations. Even to an
order of magnitude. During the measurements of salts, a minor toxic effect of the ammonium,
potassium and sodium cations was found, whereas the hydroxylammonium cation showed a
considerable toxicity. For the azide and periodate anion on the one hand high aquatic toxicities
were observed, where on the other hand the perchlorate anion led to low toxicity values against
Aliivibrio fischeri.

For the primary explosives measured (1a and 2a) and the sodium salt 3a, a precursor for the
synthesis of DBX-1, hardly no toxicities towards the marine bacteria were observed. Also, most
of the secondary explosives revealed good to excellent properties regarding the toxicity to aquatic
life. For the intensively investigated secondary explosives 8a (TKX-50, ECsp=0.58 g L") and
13a (MAD-X1, ECso = 0.19 g L™") ECs values similar to RDX (ECsp = 0.24 g L™") were observed
(for ECy and ECs values see Appendix A7).
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Furthermore, trends which were observed and are under constant investigation:

e The tetrazole moiety revealed to have a low toxic effect on the marine bacteria
Aliivibrio fischeri. Thereby, the 2-substitution showed the higher impact on the
toxicity than 1-substitution.

e Adding an azo-coupling increases the aquatic toxicity dramatically at least for
furazans 19-22.

e The nitramino functionality mainly has no toxic effect, especially for the potassium
salt 49a, which possesses four of those functionalities. It exhibits with a value higher
than 15.07 g L™! a very low toxicity.

o There is a trend that covalent azides are less toxic compared to their ionic
representatives.

e The pyrazole scaffold represents a relatively toxic unit, no matter how many nitro-
groups they carry. This is also indicated by the effect that C—C connected dipyrazoles
drop in their toxicity towards the marine bacteria.

e For the trinitroalkyl and the fluorodinitroethyl moiety very toxic effects were
observed. Second one is significantly more toxic

e The aquatic toxicity of complexes is mainly dominated by the chosen metal, as the

toxicity of the free ligands often differ more.

Further attempts towards the comparability of the aquatic toxicity of energetic materials using

Aliivibrio fischeri and other biological assays is ongoing research within our group.
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8.1 Abstract

The luminescent bacteria inhibition test using Vibrio fischeri is a well-established method to
determine the aquatic toxicity. The determined parameter is the effective concentration (ECsp)
after 15 and 30 min. The inhibition of natural bioluminescence of these bacteria gives a first idea
of the toxicity of compounds towards different ecosystems. It is a cost and time efficient
experimental method, which does not involve animals. Different types of energetic materials such
as coordination (e. g [Cu(dtp)s;](ClOs);), neutral (e. g. azidoethanol and propyl-linked
ditetrazoles) and ionic (e. g. polynitropyrazoles, -triazoles and tetrazoles) compounds were
investigated and compared to commonly used materials, like RDX, ammonium perchlorate (AP)
and azide salts. Furthermore, different substitution patterns and energetic functionalities such as
azido-, nitro-, fluorodinitro- and nitramino-groups were investigated.

Another well-established method for evaluating the harmful potential of a certain substance is
the AMES test. This OECD accepted method uses bacteria to test if mutations can be caused in
the DNA of the organism and is the minimum test carried out in the course of REACH. The
herein provided study includes first comprehensive results of time economic aquatic toxicity
measurements and well approved AMES test for energetic materials. The experimental results

were further compared to in silicio studies based on a highly developed algorithm.

8.2 Introduction

Research efforts in the field of energetic materials are constantly driven towards finding new
energetic ingredients or materials with maximum performance and acceptable insensitivity
characteristics, which are affordable, due to an efficient up-scalable synthesis.'” Since the 70 s
and early 90 s, first reports show that munitions manufacturing and ancillary operations led to
concerns of the environmental impact, too.*> In the specific cases, the loss of entire biological
communities has been associated with dispersal of trinitrotoluene (TNT) waste streams into
surface waters and onto soil, ranging from plants up to fishes.®” Further toxicological evaluation
of TNT wastewaters towards mammalians (dogs, rats and mice) confirmed former findings'® and
demonstrated, that damaging the ecosystem could also have a direct impact for humans,
especially once drinking water is contaminated.'' This further influenced the development of new
explosives, propellants and pyrotechnics, and therefore, the requirement for fast, cost-effective
and reliable toxicity tests. Despite different toxicity mechanisms for various organisms of
different species, a substance that is toxic for an organism often demonstrates similar toxic effects

on another organism. Comparing the toxicity values of pentaerythritol tetranitrate (PETN) and
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TNT in Vibrio fischeri (a bioluminescent bacteria), Daphnia magna (a planktonic crustacean),
Pimephales promelas (fathead minnow) and rats, the effective concentration (EC), lethal
concentration (LC) respectively the lethal dose (LD) of TNT is lower than those of PETN (Table
8.1).* "> In summary, TNT is more toxic than PETN in every organism, but the incubation time

varies dramatically.

Table 8.1 Half maximal concentration (ECso), median lethal concentration (LCso) and median lethal
dose (LDso) of PETN and TNT in Vibrio fischeri, Daphnia magna, Pimephales promales and rats.

Vibrio fischeri Daphnia magna Pimephales promales Rat
Compound ECso (30 min) ECso (48 h) LCso0 (96 h) LDso (oral)
[mg L] [mg L] [mg L] [mg kg™']
TNT 3.59 11.9 3.1 607
PETN 14.54 8500 2700 1660

Regarding Table 8.1 the gram-negative bacteria Vibrio fischeri is the organism of choice to get
a first impression how a new energetic material once entered the environment could affect the
groundwater. In the continuing development of an explosive, further tests are needed especially
when the progress is on an industrial scale. In 2007 REACh (Registration, Evaluation and
Authorization of Chemicals) became law in the European Union, aiming to evaluate the risk of
chemical substances produced, used or imported in quantities of 1-100 tons per year. The first
test, which should be performed for registration under REACh is the OECD-accepted AMES test.
The so called bacterial reverse mutation test is a straightforward, relatively cheap and fast
(incubation period of 4872 hours) test to recognize the mutagenic potential of a certain
compound." Even faster and way cheaper is to predict the test results using Quantitative
Structure-Activity Relationship (QSAR), which the European Chemicals Agency (ECHA)
directly encourages to apply." In this contribution a comprehensive study of experimental and in
silicio AMES test results as well as experimental ECsy values obtained from Vibrio fischeri are

presented.

8.3 Materials and Methods

8.3.1 Test Compounds

Commercially available compounds were used as supplied without further purification. In
house synthesized materials were at least analyzed with NMR and vibrational spectroscopy and

purity was determined using elemental analysis.
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8.3.2 Microtox Assay

The ECso (effective concentration) values were determined with a LUMI-Stox 300
spectrometer obtained by HACH LANGE GmbH, as described by the provider. The measurement
is based on the bioluminescence of Vibrio fischeri NRRL-B-11177 bacteria strains, whereby the
ECso is the concentration level where the bioluminescence is decreased by 50%. Prior to the
measurement, a ten-point dilution series was prepared according to DIN/EN/ISO 11348 (without
G1 level) with a known weight of the compounds and a 2% NaCl stock solution.'® The
measurements, which strictly have to be carried out at 15 °C, than started by determination of the
bioluminescence of untreated reactivated bacteria. After 15 and 30 minutes exposure time with a
specific amount of component, the bioluminescence was determined again. The compounds
toxicity was afterwards classified according to their ECsy values (non-toxic > 1.00 g L™'; toxic

0.10-1.00 g L™'; very toxic <0.10 g L™)."”

8.3.3 Experimental Ames test

The Ames test is used to detect point mutations, which involves substitution, addition or
deletion of one or a few DNA base pairs. OECD Guidelines for Testing of Chemicals (No. 471)
form the basis for the test, which employs auxotrophic strains of Salmonella typhimurium (TA9S,
TA100, TA1535, TA1537) and Escheria coli (wp2[pKM101]+wp2 uvrA mixed 1:2)."* The
biosynthesis of the corresponding amino acids is blocked by point mutations, made in the
histidine (Salmonella typhimurium) or the tryptophan (Escheria coli) operon. The mutagenic
potential is evaluated by detecting the appearance of the reverse mutants of the auxotrophic
strains, making them prototrophs, able to grow in corresponding deficient media. In addition, rat
liver S9 was chemically introduced to simulate the effect of metabolism, since certain
compounds, like benzopyren, become mutagenic only after their metabolic conversion. The tests

were carried out by the company Enamine Ltd.

8.3.4 QSAR Ames test

QSAR Ames Test provides predicted values of the experimental Ames test. Values are
determined for one molecule. Quantitative structure activity relationship (QSAR) methods used
require a linear model made of molecular descriptors. This model is set by fitting descriptors of
the training set molecule with their experimental values. In our system, experimental AMES tests
values come from five different AMES databases experimentally validated; the final database is
composed of more than 7.700 molecules with experimental values of the AMES test.

The AMES test is a macroscopic test which is the result of thousands of biochemical
mechanisms. One limitation of QSAR methods is that they are only able to model one single

mechanism. This is why, one QSAR model which could provide predicted AMES values for one
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kind of molecules is not possible. The idea is to create an ad-hoc QSAR model devoted to
predicting only one molecule using similar molecules. The assumption that we made is that
similar molecules should have the same mechanism as the molecule to predict. We used On-the-
flight QSAR methods to develop such one-shot model. To select similar compounds, we
developed a Recursive Molecular Search (R.Mo.S) algorithm which selects similar compounds
based on MACCS fingerprint and computes a virtual fingerprint signature. This signature is then
used in the next round to select more molecules. The algorithm stops when a sufficient number of
molecules is selected or when there is no more similar compound to select. The algorithm is
patented by ArianeGroup (AGS) and French National Center for Scientific Research (CNRS).
Using the training set with experimental value of the AMES test, 2D descriptors are computed
and machine learning algorithm, extra trees from scikit learn package, are used to predict the
AMES test values. The predicted value is comprised between 0 and 1. If the predicted AMES
value is between 0 and 0.4 the result is non mutagenic, between 1 and 0.6 the molecule should be

mutagenic and if the value is comprised between 0.4 and 0.6 the result is doubtful.

8.4 Results and Discussion

To show a trend in the aquatic toxicity towards Vibrio fischeri, different types of energetic
materials were tested. The herein presented compounds are a small selection of possible primary-
and secondary explosives, oxidizers and pyrotechnical materials with different chemical
constitution. There are coordination (e. g. [Cu(dtp);](ClOs),), neutral (e. g. azidoethanol and
propyl-linked ditetrazoles) and ionic (e. g. polynitropyrazoles, -triazoles and tetrazoles)
compounds, also different substitution patterns and energetic functionalities such as azido-, nitro-,
fluorodinitro- and nitramino-groups were investigated. Finally, they were compared to commonly

used materials, like RDX, ammonium perchlorate (AP) and azide salts.
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Figure 8.1 Overview of measured compounds 1-17.

Comparing 2-azidoethanol

(1),

chloride (3) and 2-fluoro-2,2-dinitroethanol (4), 1 is the least toxic compound towards Vibrio

2,2 2-trinitroethanol  (2), 3,3,3-trinitropropylammonium
fischeri."®*! 1t is also relatively low in toxicity compared to ionic azide compounds NaN; and
NH4N3. Once adding a trinitroalkyl moiety the toxicity drops dramatically and is even worse with
a fluorodinitroethyl moiety. This is consistent with former toxicity measurements using gram
positive bacteria such as Staphylococcus aureus and Intestinal bacillus.** 2,4-Dinitropyrozoles
show toxicity towards the aquatic bacteria, though it is considered as moderate toxic. The findings
were comparable, no matter if they were measured as neutral compound as 1-oxid or 3-amin, or
measured as salts.”*> The neutral nitraminotriazole 8 is very toxic towards Vibrio fischeri,
whereas the hydroxylammonium salt 8a is moderately toxic and the lithium salt 8b is considered
not toxic in this test. The substitution pattern can have a varying effect on the toxicity of
tetrazoles. Tetrazoles 10a and 11a are both moderately toxic, whereby TKX-50 (salt 10a) still is
less toxic.?® Furthermore, it is even less toxic than the common used secondary explosive RDX.?’
For tetrazoles 12—14, which also have varying substitution patterns, the toxicity ranges from ECsg

values of 0.36 g L' (14) to 10.30 g L' (12). Once adding the copper(Il) metal, which is known
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for being toxic to microorganisms,” the toxicities of the complexes of tetrazoles 12—14 increases
partially dramatically. Nonetheless, complexes 15-17, which could be used as potential primary

explosives are less toxic compared to the measured azide salts.*’

Table 8.2 ECso values of measured compounds after 15 and 30 minutes in g L™! and their considered
toxicity level after 30 minutes (—/+/++).

EC50 ECS0 Toxicity ECS50 ECS0 Toxicity
Compound (15 min) (30 min) level Compound (15min) (30 min) level
gL [gLT] g L™ g L™
NaN3 0.25 0.18 + 7a 0.75 0.74 +
NH4N3 0.26 0.15 + 7b 0.60 0.58 +
NH4NO; 10.49 6.39 - 8 0.13 0.07 ++
NH4N(NO2)2 7.25 4.50 - 8a 0.75 0.35 +
NH4ClO4 14.58 11.13 - 8b >1.58 >1.58 -
RDX 0.33 0.24 + 10a 1.17 0.58 +
1 8.70 8.55 - 11a 0.32 0.24 +
2 0.29 0.22 + 12 13.90 10.30 -
3 <0.10 <0.10 ++ 13 0.81 0.79 +
4 0.002 0.001 ++ 14 0.36 0.36 +
5 0.27 0.19 ++ 15 0.44 0.35 +
5a 1.21 0.95 - 16 0.64 0.44 +
6a 0.70 0.43 + 17 0.34 0.28 +

The mutagenic potential of salts 8b (L, ANAT) and 10a (TKX-50) were evaluated using the
AMES test with S9 mixture.'* The toxicological potential of salt 7a was evaluated using Vibrio
fischeri, due to its high water-solubility and because it is the water-soluble monomer of
BDNAPM, a highly potential secondary explosive. BDNAPM (Figure 8.1) was also
experimentally tested with the AMES test, but cannot be evaluated using Vibrio fischeri itself,
because of its low water-solubility. All experimental findings were calculated using a smart
algorithm and are listed in Table 8.3.°° The toxicity respectively mutagenic potential of the
compounds in Table 8.2 and Table 8.3 are rated as non-toxic/mutagenic (—), moderately

toxic/mutagenic (+) and toxic/mutagenic (++).
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Figure 8.2 Compounds evaluated using AMES test and Vibrio fischeri.

The R.Mo.S QSAR offers good predictions for the values of the AMES test. The selection
made by R.Mo.S probably chose few similar molecules to have the right prediction. Other
software, such as ACD percepta, predict all three molecules to be mutagenic. Aromatic nitro
moiety is also well known to be more mutagenic than the nitro chemical function. These moieties
are probably involved in the positive mutagenic prediction of ACD Percepta software. The
absence of this moiety could explain the non-mutagenic properties of TKX-50. This indeed was
confirmed by the experimental AMES test. It was no mutagenic potential in all tested strains of S.
typhimurium and E. coli observed. For Li,ANAT there was mutagenic activity in some strains of
S. typhimurium (TA1535 and TA100) as well as for E. coli. The same compound showed in the
metabolic activation assay a weak mutagenic activity for TA98, TA1535 and for E. coli. These
results correlate well with the calculations of the in silicio AMES test, pointing out that there is no
result which indicates clearly if the compound is mutagenic or not. In contrast, BDNAPM shows
mutagenic activity in all tested strains with and without metabolic activation, as well as the QSAR
AMES test. Also, its water-soluble precursor 7a has a mutagenic activity by calculating its AMES
test results. Comparing the AMES test results with the aquatic toxicity using Vibrio fischeri, the
correspondence is not perfect but up to now, a slight trend can be drawn. The mutagenic
compounds 7a and BDNAPM also show a moderate aquatic toxicity for the water-soluble 7a, in
consequence these findings could further emphasize the impact of pyrazoles towards humans and
the environment. The somehow mutagenic Li,ANAT is not toxic towards Vibrio fischeri, whereas
TKX-50 is not mutagenic, but TKX-50 has a slight impact on the economy. This could also result
from the hydroxylammonium cation, which is known for having a more negative effect on the

toxicity against Vibrio fischeri than other cations."

Table 8.3 Results of experimental and in silicio AMES test and the considered mutagenicity/toxicity
level (—/+/++).

Compound QSAR AMES test Experimental AMES test Vibrio fischeri
7a ++ n.a. +
BDNAPM ++ ++ n.a.
Li,ANAT Doubtful + -
TKX-50 - - +
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8.5 Conclusion

The aquatic toxicity of 20 energetic compounds of different types, such as coordination, ionic
and neutral with varying substitution pattern were investigated and some trends are discussed.
Furthermore, they were compared to commonly used materials, like RDX, ammonium perchlorate
(AP) and azide salts. Three compounds were further investigated according their mutagenic
potential using the AMES test. The experimental AMES test values range from not mutagenic
(TKX-50), to somehow mutagenic (Li,ANAT) and to mutagenic (BDNAPM). The R.Mo.S
QSAR offers good predictions for the values of the AMES test, all calculated results are
consistent with the experimental values. Vibrio fischeri seems to show comparable trends, but

further research effort is ongoing to underline these results.
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Il Summary and Conclusion

With the aim to develop an alternative to the commonly used oxidizer ammonium perchlorate
(AP), various oxygen-rich molecules were synthesized and thoroughly characterized. In order to
find use as high-energy dense oxidizers (HEDOs) in composite propellants, these molecules were
designed to meet further requirements besides an excellent oxygen content. A high thermal
stability (Tmeit > 150 °C), moderate sensitivity (IS>4J, FS>80N) and sufficient specific
impulse (/s > 250 s) was achieved by some of the perchlorate-free molecules.

Synthetic strategies in chapters 1-6 of this thesis are based on the insertion of trinitroethyl
moieties, salt formation and/or the combination with oxygen- and nitrogen-rich heterocycles. The
most promising candidates of each chapter are depicted in Figure S1. Chapters 7 and 8 address the
toxicity of energetic materials by the determination of the aquatic toxicity with the luminescent
bacteria inhibition test as well as the AMES test. Each chapter is a research project including its

own abstract, introduction, results and discussion, experimental section and conclusion.

Chapters 1 + 2 Chapter 3

A /
0 Y
o o Chapter 4 =
Z
(O2N)5C /\)I\”/\c(Noz)3 (ON)5C /\O)J\/U\O/\C(Noz)g >
S1 S6 ; 1‘ N/\/C(Noz)z
NN

0
(OaN)5C /\)J\O/\C(NOZ)g

S2

0 NO;, O

\
/ s11
(ONKC /\O)J\/N\)J\O/\C(Noz)s @,

S7

©OMNC ~nus nos
s3

Chapter 5

Chapter 6

.0 O, NOz 4C(NHy);*
NH

HN//< /—C(NO2); 2 —N_‘/< >'Nf S14

HN\<N Ali 0§\/ 740 NH30H* - ><

HN=N_ —N—< >,_N’ 4 C(NH,),NHNH,*
oN O 0O NO; g15

N T -
s4

(ON)C o~ * -
NH; 10
S5 3 4

Figure S1. Overview of the most promising molecules.

Chapter 1 and Chapter 2 start with the Michael addition of trinitromethane to acrylamide,
which is a straightforward synthesis. The first two promising candidates of Chapter 1 are the
4,4 4-trinitro-N-(2,2,2-trinitroethyl)butanamide (S1) and 2,2,2-trinitroethyl-4,4,4-trinitrobutanoate
(S2), which already have oxygen balances of 20.7% (S1) and 14.5% (S2) assuming the formation
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of CO. Furthermore, they are relatively easily accessible, in contrast to the
trinitropropylammonium cation-based nitrate (S3) and dinitramide salts (S4), which synthesis
needs more effort. Nonetheless, the salts show extraordinary detonation and combustion
parameters, especially S4. With a detonation velocity of 9401 m s™' and a detonation pressure of
375 kbar according to EXPLOS, it even exceeds common secondary explosives like TNT, PETN,
and RDX by far. Furthermore, the specific impulse (/s =270 s) is superior to AP (l;=261s) in

comparable mixtures.

(0] (@]
PN
<02N>sc/\)Lu C(NOy); (OzN)ac/\)J\o/\C(Noz)s
S1 S2

0,N)sC - N O,N)sC _
(O2N)sCi N2 NO; (OzN)3C\/\NH§ o,N "V No, (O2N)s ~"NHS 10,
s3 s4 S5

Figure S2. Molecular structures of 4,4,4-trinitro-N-(2,2,2-trinitroethyl)butanamide (S1), 2,2,2-
trinitroethyl-4,4,4-trinitrobutanoate (S2) and the nitrate (S3), dinitramide (S4) and periodate (S5) salt of
the trinitropropylammonium cation.

More unusual anions were introduced to the trinitropropylammonium cation in Chapter 2.
Thereby, the periodate anion was evaluated as alternative to perchlorates. Even though the
performance of the trinitropropylammonium periodate (S5) was not comparable to the nitrate and
dinitramide salt, the high density of 6=2.12 gcm™ and relatively high thermal stability of
Taec = 138 °C (cf. S3 (138 °C) and S4 (112 °C)) is remarkable.

Chapter 3 is based on the economic starting materials, malonic acid and iminodiacetic acid.
After nitration of iminodiacetic acid, the nitraminodiacetic acid and malonic acid were converted

into the corresponding bis(trinitroethyl) ester in a one-step procedure (Scheme S1).

o o o o
TNE
HOMOH (OQN)3CAOM0/\C(N02)

(CF3C0O),0, r.t., 1h

3
Malonic

) S6
acid
o NOp O 1.) (COCI),, [DMF], 0 NO; O
N DCM, reflux, 4 h PN N PN
HO OH (O2N)sC~ O 0" "C(NO2)s
. S 2.) TNE, [AICI3],
Nitraminodiacetic DCM. reflux. 5 h s7
acid ' '

Scheme S1. Synthesis of the malonic acid bis(2,2,2-trinitroethyl ester) (MaBTNE, S6) and
nitraminodiacetic acid bis(2,2,2-trinitroethyl ester) (NABTNE, S7).
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Due to the promising thermal stability of S7 (e = 151 °C), sensitivity (IS =6 J; FS =252 N)
and oxygen balance (Q2co = 19.1%), the specific impulse was calculated with EXPLOS5 V6.03 in
various binder systems for a potential application. In a mixture with 14% bis(azidomethyl)oxetane
(BAMO) and 16% aluminum, the specific impulse (/; = 261 s) slightly exceeded the values of AP
in a common composite propellant mixture with HTPB (/s =259 s). The aging behavior, which is
crucial for long-time storage, was estimated using the AKTS software package based on TGA

measurements (Figure S3).
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Figure S3. Simulation of the decomposition of S7 at different temperatures under isothermal
conditions.

The simulations are based on different models and revealed, e. g. constant storing of S7 at
80 °C for 1000 d would not lead to significant decomposition reactions. Further results showed,

that S7 could be a promising candidate according to its storability.

In Chapter 4 two heterocycles equipped with the trinitroethyl moiety, which were accessed
via different synthetic approaches, are compared (Scheme S2). The ring closure from amino-
(trinitroethylamino)maleonitrile  (S8) to 4,5-dicyano-1N-(trinitroethyl)-1,2,3-triazole  (S9)
occurred unexpectedly by nitrosation through treatment with HNO;. It was assumed, that in the
nitric acid sufficient amounts of the nitrosonium cation NO* prevail and reacts with the
maleonitrile, as control experiments with nitrite in HCI and H,SOs resulted in S9 as well.
Whereas, the 1N-trinitropropyl tetrazole (S11) was obtained by the classical cyclization of
trinitropropylammonium chloride (S10) with sodium azide and triethyl orthoformate, leading to

the first isolated N-substituted trinitroalkyl tetrazole (S11).
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Scheme S2. Reaction sequence to triazole S9 and tetrazole S11.

Suitable single crystals for X-ray diffraction measurements were obtained for compounds S9
and S11 as shown in Figure S4. The trinitro moiety in both structures is arranged in the classical
propeller-like motif, furthermore they crystallize in the related monoclinic space groups P2:/n and

P2/c.

S9 S11

Figure S4. Molecular structures of S9 and S11 determined by X-ray diffraction.

The energetic parameters of S11 (Vpe = 8388 m's™!, pcy = 293 kbar) are almost in the range of
PETN (pentaerythritol tetranitrate; Vpe = 8405 ms ™' and pcy= 319 kbar), which is a commonly
used secondary explosive. Moreover, the specific impulse /s, in mixtures with 15% aluminium

and 14% binder is 252 s, compared to the AP (I, =256 s) this still is in an appropriate range.

In Chapter 5 the heterocycle urazine was used as starting material, which can be obtained
from the low-cost starting materials carbohydrazide and HCI. Based on the amphoteric character
of urazine, cationic and anionic salts were synthesized. The molecule was also incorporated in a
copper(Il) complex as neutral ligand. Furthermore, the formation of 4-[(2,2,2-
trinitroethyl)amino]-urazole (S12) was achieved by the reaction of urazine with nitroform and
formaldehyde. Apart from S12 the hydroxylammonium salt (S13) revealed to be an oxygen-rich
molecule with good energetic performance parameters but suffered from thermal stability

problems.
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detonator

S$12

$13

Figure S5. Small-scale shock reactivity test (SSRT) of 4-[(2,2,2-trinitroethyl)amino]-urazole (S12).
Right: Molecular structure of S12 and S13 determined by X-ray diffraction.

In order to get a deeper insight of the detonation performance a small-scale shock reactivity
test (SSRT) was performed (Figure S5). After the initiation a dent in the aluminum block is
produced, which can be compared to other energetic materials. According to this test, the
performance of S12 (msio» =661 mg) is comparable to classical secondary explosives, such as

RDX (mSioz =589 mg)

In Chapter 6 the tetravalent pentaerythritol tetranitrocarbamate (PETNC) is deprotonated by
several bases. The resulting salts of the relatively oxygen-rich organic anion were thoroughly
characterized. Including mulitnuclear NMR, vibrational spectroscopy, elemental analysis,
thermoanalytical techniques, single crystal X-ray diffraction measurements and the aquatic

toxicity against Aliivibrio fischeri.

4 NH,*
NH; (aq.) 4 C(NHy)5*
ON 0 0. NO, G1e0 ON O 0, NO,
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[
OXO LiOH X 4Li* (25 H,0)
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0 0 NaOH 0 o 4Na* (x H;0)
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/

ON O 0 NO, Ca(OH), ON O o NO, )
2 ST(OH), 2 2 Ca 2* (7 H,0)
PETNC Ba(OH), 2 Sr2* (7 H,0)

2 Ba ?* (4 H,0)

Scheme S3. Salt formation of PETNC resulting in its tetravalent anion.

Though the thermal stability of the resulting salts was lower compared to PETNC itself, the
resulting salts showed the tendency of having a low sensitivity and a low toxicity towards the

luminescent marine bacteria Aliivibrio fischeri.
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Chapter 7 is about aquatic toxicity measurements against the luminescent bacteria Aliivibrio
fischeri. In this costs and time-efficient experimental test the inhibition of the natural
bioluminescence of the bacteria was determined, depending on the concentration (Figure S6).
More specifically, after 15 and 30 min the half maximal effective concentration (ECsy) was
investigated. Therefore, some water-soluble energetic materials, with different functionalities and

substitution patterns were compared to commonly used materials, like RDX, AP and azide salts.

100
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Figure S6. Concentration depending inhibition plot of several measured potassium salts of pyrazoles.

Just to name a few trends: The ammonium, potassium and sodium cations showed a minor
toxic effect, while the hydroxylammonium cation was more toxic against A/iivibrio fisheri. Rather
toxic anions for example were azide and periodate. On the other hand, the perchlorate anion had a
negligible toxic effect on this aquatic bacterium. Another observation was concerning the

secondary explosives TKX-50 and MAD-X1, which ECsy values were similar to RDX.

In Chapter 8 the median effective concentrations from the aquatic toxicity measurements
were presented along with results from the AMES test. The AMES test or bacterial reverse
mutation test gives an idea about the mutagenic potential of a compound and is the first test,
which should be performed in the course of REACh. Therefore, three promising energetic
molecules were analyzed in vitro and in silicio. For the experimental determination of point
mutations, the auxotrophic strains of Salmonella typhimurium and Escheria coli were employed.
Moreover, to simulate the effect of metabolic conversion rat liver S9 was chemically introduced.
For predicting values of the AMES test, quantitative structure activity relationships (QSAR)
methods were used, which are based on five different validated AMES databases. The employed

algorithm selects similar compounds, as similar molecules should have a similar effect.
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Table S1. Results of experimental and in silicio AMES test and the considered mutagenicity/toxicity
[less toxic/mutagenic (—), moderately toxic/mutagenic (+), toxic/mutagenic (++)].

O, -
SAR AMES  Experimental Vibrio NH \
Compound Q . 2 N N NH,
p test AMES test  fischeri OZN\(S/NOZ . J“\NHN’\"L/ -
N-N- HN N )
KDNAP ++ na. + T Newo, MO
KDNAP Li,ANAT
BDNAPM ++ ++ na. on v, ~
J NN _ N-
L ANAT doubtful + - ”ZNKEN' R S A LG
o,N NO, \be N~
TKX-50 - - +
BDNAPM TKX-50

The experimental AMES test revealed that TKX-50 had no mutagenic effect, whereas
Li;ANAT had a mutagenic effect in some bacteria strains and BDNAPM had a mutagenic effect
in all selected bacteria strains. All values calculated by R.Mo.S. QSAR were consistent with the

experimental values.

General Conclusion and Outlook on Oxygen-rich Molecules:

In this thesis several interesting compounds with good oxygen balances are presented. The
thorough characterization revealed sufficient thermal stabilities, moderate sensitivities towards
external stimuli and favorable densities for a number of molecules. Moreover, some showed great
energetic performance data and were accessed through facile synthesis. Different strategies, like
introducing trinitroalkyl moieties, oxygen rich ions or/and nitrogen- and oxygen-rich heterocycles
were applied. The three most promising molecules out of each strategy are highlighted in Figure

S7.
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Figure S7. Overview of the most important requirements of three interesting oxygen-rich molecules S4,
S7 and S12.
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With regard as a possible alternative to the common high energy dense oxidizer AP S7 would
be the most suitable candidate. In addition to the depicted properties, it is long-term storable and
was comparable to AP in different binder systems. Still, the dinitramide salt S3 has outstanding
performance data and the heterocycle urazine S12 meets most of the requirements of a promising
oxygen-rich molecule. Future trends on the research of HEDOs are driven towards oxygen-rich
heterocycles such as furoxans, moreover further small naturally occurring molecules, which

already possess a high amount of oxygen are favorable.
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IV Appendix

1

1.1 Single Crystal X-ray Diffraction

Supporting

Trinitromethane

1.1.1 4,4,4-Trinitrobutanamide (1)

Table A1.1 Hydrogen bonds of 4,4,4-trinitrobutanamide (1).

Information to Michael

Figure A1.1 Molecular structure of 4,4,4-trinitrobutanamide (1).

Appendix

Addition of

D-H---A sym. of A H---A D-H D---A angle, DHA
C3 H3 05 1-x, 1=y, —z 2.702 0.96 3.600 155.6
C2 H2 04 1-x, 1=y, 1-z 2.434 0.95 3.276 145.7
N4 H6 o7 2-x, -y, 1-z 2.073 0.89 2.933 170.9
N4 HS5 06 2-x, 1=y, —z 2.440 0.86 3314 168.3
C2 H1 o7 2-x, 1=y, 1-z 2.640 0.95 3.531 156.2

1.1.2 4,4,4-Trinitrobutanoic acid (2)

Figure A1.2 Molecular structure of 4,4,4-trinitrobutanoic acid (2).

) H8
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Table A1.2 Hydrogen bonds of 4,4,4-trinitrobutanoic acid (2).

D-H---A sym. of A H---A D-H D---A angle, DHA
C2 H1 01 —l4x,y,z 2.628 0.96 3.565 166.3
08 H5 o7 1=x, =y, —z 1.769 0.86 2.632 176.5
C2 H2 04 —0.5+x, 0.5y, =2tz 2.547 0.94 3.253 136.1
C2 H2 02 —0.5+x, 0.5—y, 0.5+z 2.653 0.94 3.389 132.5

1.1.3 4,4,4-Trinitrobutanoyl azide (4).

Figure A1.3 Molecular structure of 4,4,4-trinitrobutanoyl azide (4)

Table A1.3 Hydrogen bonds of 4,4,4-trinitrobutanoyl azide (4).

D-H---A sym. of A H---A D-H D---A angle, DHA
C2 H2 01 —x, 1=y, =z 2.535 0.96 3.373 144.7
C2 H1 o7 1=, 1=y, —z 2.386 1.00 3.221 141.3

1.1.4 3,3,3-Trinitropropyl-1-ammonium chloride (6a)

ci

Figure A1.4 Molecular structure of 3,3,3-trinitropropyl-1-ammonium chloride (6a).
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Table A1.4 Hydrogen bonds of 3,3,3-trinitropropyl-1-ammonium chloride (6a).

D-H---A sym. of A H---A D-H D---A angle, DHA
N4 Heé o7 1.909 0.88 2.779 168.7
N4 H7 Cl1 —x+1, —y+2, —z+1 2.549 0.88 3.254 137.6
N4 H7 05 x+1,y+1,z 2.574 0.88 3.206 129.3
N4 HS8 Cl1 2.273 0.88 3.146 169.6
o7 H9 Cl1 x+l,y,z 2.469 0.82 3.235 155.2
o7 H10 Cl1 —x+1, —y+1, —z+1 2.380 0.82 3.184 169.0

1.1.5 3,3,3-Trinitropropyl-1-ammonium nitrate (6b)

o8

Figure A1.5 Molecular structure of 3,3,3-trinitropropyl-1-ammonium nitrate (6b)

Table A1.5 Hydrogen bonds of 3,3,3-trinitropropyl-1-ammonium nitrate (6b)

D-H---A sym. of A H---A D-H D---A angle, DHA
N4 H5 09 —x+1,y=0.5, —z+ 1.948 0.91 2.859 173.6
N4 Heé o7 1.957 0.90 2.818 160.0
N4 Heé NS5 2.667 0.90 3.391 138.3
N4 H7 o7 —x+2,y-0.5, —z+0.5 2.080 0.92 2.954 158.0
N4 H7 09 —x+2,y-0.5, —z+0.5 2.361 0.92 3.094 136.5
N4 H7 NS5 —x+2,y-0.5, —z+0.5 2.570 0.92 3.465 164.4
C2 H2 o7 —x+2,y-0.5, —z+0.5 2.546 0.91 3.286 138.4
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1.1.6 3,3,3-Trinitropropyl-1-ammonium dinitramide (6d)

Table A1.6 Hydrogen bonds of 3,3,3-trinitropropyl-1-ammonium dinitramide (6d).

Figure A1.6 Molecular structure of 3,3,3-trinitropropyl-1-ammonium dinitramide (6d).

D-H---A sym. of A H---A D-H D---A angle, DHA
Cl H4 03 2.398 0.990 3.027 120.79
Cl1 H5 04 2.828 0.990 3.446 121.23
C2 H7 04 2.930 0.990 3.608 126.54
Cl HS5 02 —x, 7y, 1=z 2.485 0.990 3.439 161.87
NI H1 o7 —l+x, —1+y, z 2.425 0.892 3.281 161.01
C4 H12 06 2.935 0.990 3.887 161.55
C2 H7 010 —1+x,p,z 2.709 0.990 3.673 164.62
Cl H4 011 X, —1+y, z 2.487 0.990 3.146 123.74
NI H2 015 —1+x,p,z 2.056 0.904 2.960 178.00
NI H2 Ol6 —1+x,p,z 2.600 0.904 3.221 126.51
C2 Heé 013 2.574 0.990 3.460 148.97
N1 H3 019 2.000 0.898 2.845 156.46
C2 Heé 019 2.579 0.990 3.460 134.42
NS H9 Ol6 2.790 0.893 3.422 128.91
C5 H14 014 2.641 0.990 3.605 164.55
NS H10 014 1+x,y,z 2.256 0.921 2.966 133.51
N5 H10 016 2—x, 1=y, —z 2.356 0.921 3.089 136.31
Cs H13 020 x, 14y, z 2.508 0.990 3.334 140.81
N5 HS8 019 1=x, 1=y, =z 2.147 0.875 2.990 161.70
C4 H11 017 2—x, 1=y, —z 2.408 0.990 3.335 155.71
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1.1.7 2,2,2-Trinitroethyl-4,4,4-trinitrobutanoate (8)

013

on

Figure A1.7 Molecular structure of 2,2,2-trinitroethyl-4,4,4-trinitrobutanoate (8).

Table A1.7 Hydrogen bonds of 2,2,2-trinitroethyl-4,4,4-trinitrobutanoate (8).

D-H---A sym. of A H---A D-H D---A <, DHA
C2 H3 06 —1+x,p,z 2.673 0.95 3.556 155.5
Cs Heé 010 —1+x,p,z 2.612 0.94 3.388 140.4
C2 H4 o7 —x, 1=y, 1z 2.509 0.96 3.391 152.1
C3 H1 012 —0.5+x, 0.5—y, 0.5+z 2.618 0.95 3.419 142.1
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1.1.8 Crystallographic Data and Structure Refinements

Table A1.8 Crystallographic data and structure refinements of 1, 2, 4, and 6a.

1 2 4 6a
formula C4H¢N,O C4HsN;04 C4HsN¢O7 C3H7N404Cl1 x H,0
formula weight [g mol'] 222.11 223.11 248.13 248.58
temperature [K] 100(2) 100(2) 100(2) 100(2)
crystal system triclinic monoclinic triclinic triclinic
space group (No.) P-1(2) P2i/n (14) P-1(2) P-1(Q2)
a[A] 6.1081(5) 6.1307(7) 7.4160(5) 6.7434(6)
b[A] 7.5366(6) 16.7082(6) 7.5385(6) 7.8045(8)
c[A] 8.8543(7) 8.5025(4) 9.0347(8) 10.0663(10)
al°] 80.728(7) 90 70.713(8) 90.393(8)
£1°] 87.505(7) 98.296(4) 80.100(7) 98.800(8)
y[°] 88.355(6) 90 81.601(7) 114.13509)
V[A3] 401.80(6) 861.82(7) 467.47(6) 476.36(8)
V4 2 4 2 2
Peale. [g cm] 1.836 1.720 1.763 1.733
L [mm1] 0.177 0.171 0.168 0.430
F(000) 228 456 252 256
crystal habit colorless plate colorless block colorless block colorless plate

crystal size [mm]
g range [°]

index ranges

reflections measured
reflections independent
reflections unique

Rint

Ri, wR; (20 data)

Ry, wR; (all data)

data/restraints/parameters

GOOF on F2

residual el. density [e A3]

CCDC

0.35 % 0.21 x 0.05
427-2827
-8<h<8
-10<k<10
—11<i<11
3448
1971
1685
0.019
0.0308, 0.0735
0.0380, 0.0794
1971/0/154
1.060
~0.228/0.388

1506284

0.25x 0.22 x 0.18
4.15-2637
~71<h<5
18 <k<20
—8<1<10
3513
1750
1484
0.019
0.0306, 0.0708
0.0384, 0.0764
1750/0/156
1.040
-0.198/0.228

1506285

0.35x0.27 x 0.25

4.20-26.36

-11<i<11
4352
1909
1653
0.021
0.0309, 0.0726
0.0384, 0.0782
1909/0/170
1.040
—0.215/0.302

1506286

0.32x0.27 x 0.08
4.23 -28.28
-7<h<8
-10<k<8
-13<1<13
4182
2345
2050
0.021
0.0287, 0.0641
0.0355, 0.0680
2345/0/172
1.083
—0.292/0.336

1506287
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Table A1.9 Crystallographic data and structure refinements of 6b, 6d, and 8.

6b

6d

8

formula

formula weight [g mol]
temperature [K]

crystal system

space group (No.)

v [A3]

V4

Peate. [g em™]

p [mm™']

F(000)

crystal habit
crystal size [mm]
g range [°]

index ranges

reflections measured
reflections independent
reflections unique

Rint

Ri, wR; (20 data)

R, wR; (all data)
data/restraints/parameters
GOOF on F?

residual el. density [e A~3]

CCDC

C3H7N404NO;
257.14
173(2)

orthorhombic
P2,2,2, (14)
5.6622(4)
10.2826(7)
16.2582(18)
90
90
90
946.59(14)
4
1.804
0.181
528
colorless plate
0.32 % 0.28 x 0.08
4.11-31.44
—8§<h<7
-15<k<7
-11<7<23
5194
3069
2567
0.029
0.0424, 0.0793
0.0584, 0.0883
3069/0/175
1.058
—0.229/0.418

1506288

C3H7N406 N304
301.16
123(2)

triclinic
P-1(2)
6.7087(5)
11.2547(7)
15.2144(9)
75.527(5)
79.280(5)
75.733(6)
1068.48(13)
4
1.872
0.188
616

colorless block

0.36 x 0.13 x0.04

4.19-26.00
—8<h<6
-13<k<13
-18<I1<18
8204
4176
3456
0.021
0.0336, 0.0436
0.1020, 0.1144
4176/0/361
0.826
—0.288/0.278

1506289

CsHgNgO14
386.14
173(2)

monoclinic

P2i/n (14)

5.7264(3)
21.6530(11)
11.0910(6)
90
93.555(4)
90
1372.57(12)
4
1.869
0.188

784

colorless plate

0.12x0.11 x0.04

4.14 -27.09
—3<h<7
—21<k<27
-14</<14
6223
3023
2572

0.021

0.0301, 0.0652

0.0390, 0.0700

3023/0/259

1.025

—0.240/0.379

1506290
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1.2 Theoretical Studies

The energy of all the compounds were calculated with the quantum chemical composite
method CBS- 4M. The ab initio calculations were carried out using the program package
Gaussian 09 (Revision A.03). The geometric structure optimizations and the frequency analyses
were performed with Becke's B3 parameter hybrid functional using the B3LYP correlation
functional with 6-31G** basis set. All of the optimized structures were verified to be a local
energy minimum on the potential energy surface without imaginary frequencies. The structures
were optimized with symmetry constraints and the energy is corrected with the zero point
vibrational energy (ZPEV). The enthalpies (H) and free energies (G) were calculated using the
complete basis set (CBS) method in order to obtain accurate values

The CBS-4M method starts with a HF/3-21G(d) geometry optimization, which is the initial
guess for the following SCF calculation as a base energy and a final MP2/6-31+G calculation
with a CBS extrapolation to correct the energy in second order. The used reparametrized CBS-4M
method additionally implements a MP4(SDQ)/6-31+(d,p) calculation to approximate higher order
contributions and also includes some additional empirical corrections.

The quantum chemical calculation results in an absolute value for H°c of the compound. The
gas phase enthalpies of formation A41°, can be determined using the atomization method
(Equation 1) with the number #; of atoms 4; in the calculated substance. The values for AfH®(A4)

are taken from the NIST database.

Angg)(M) = Hye — X8 4 niHye (A) + Z8™ A ArH (Ay) (D

Using the approximation of the Trouton's rule the enthalpy of sublimation As.wH® or enthalpy

of vaporization Ay,,H° can be determined (Equations 2 and 3):

J

AgupH = Csyp * Trneir = 188 mol'K Tinet» ()
J

AvapH = ASvap “Thoit = 90mol-K Thoir- (3)

The enthalpy of formation A¢H°(s,1) for the solid (s) or liquid (/) state can be calculated by
Equation 4:

AfHZs,l) = AfHZ_q) - Asub/vapH- (4)
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The molar standard enthalpies of formation A¢H° were used to calculate the molar solid state
energies of formation AfU®s)) according to Equation 5, where An is the change of moles of
gaseous components:

Afugsrl) = AfH,, — AngRT (5)
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2 Supporting Information to Trinitropropylammonium
Salts

2.1 General Experimental Details

Solvents, deuterated solvents for NMR experiments and all further chemicals were used as
received from the suppliers, without further purification. The salts were analyzed using NMR
spectroscopy (Bruker 400 TR) at ambient temperature, whereby the chemical shifts were
determined with respect to external standards, MesSi (‘H 399.8 MHz; "*C 100.5 MHz), MeNO,
(**N 28.9 MHz), KI ("%’ 80.2 MHz) and Cs,SO4 (**S 30.7 MHz). Furthermore, IR and Raman
spectra were recorded using a PerkinElmer Spectrum BX-FTIR spectrometer equipped with a
Smiths DuraSamplIR ATR device or a Bruker MulitRAM FT Raman spectrometer with ND:YAG
laser with excitation up to 1000 mW at 1064 nm respectively. All spectra were recorded at
ambient temperature, for the Raman spectra additionally glass tubes were used. The purity was
then checked by elemental analysis using an Elementar vario EL or Elementar Vario micro cube.
A Lineis DSC-PT10 apparatus with a linear heating rage of 5 °C min~' was used to determine
melting and decomposition points. For testing the sensitivities towards impact and friction a BAM
drophammer' and BAM friction tester’ were applied. Single crystal X-ray diffraction studies of
salt 2 were performed on an Oxford Diffraction XCalibur3 diffractometer with a generator
(voltage 50 kV, current 40 mA) and a Kappa CCDarea detector operating with Mo-Ka radiation
(L=0.7107 A). For solving the structure direct methods were used (SIR97)** and refined by full-
matrix least-squares on F2 (ShelXL)>¢ implemented in the WinGX software package.” All non-
hydrogen atoms were refined anisotropically and the Diamond plots are shown with thermal

ellipsoids at the 50% probability level.
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2.2 'H, 3C, “N and '?”I NMR Data of 1
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2.4 'H and *C NMR Data of 3
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2.5 Vibrational Spectroscopy

IR and Raman spectra of salts 1-3 were recorded and the most characteristic vibrations are
listed in Table A2.1. The NH-stretching modes can be found in the range v = 3213-3007 cm ™' the
asymmetric (vas(NO)) and symmetric (vs(NO-)) stretching vibrations of the trinitromethyl group
are found in the range ¥=1618-1586 cm™' (asymmetric) and ¥ = 13021295 cm™' (symmetric)
respectively. For the periodate anion of salt 1 additional stretching vibrations vs(I0) are observed

1

in the IR spectra at ¥ =832 cm™' and in the Raman spectra at 7= 852 cm™'. For the anion of 2,

there are asymmetric stretching vibrations v,(SO) at ¥ = 1030 cm™' (Raman) and at ¥ = 1051 cm™

(IR) observed.®

Table A2.1 Selected IR and Raman bands of salts 1-3 in cm™! and the corresponding assignments.

1 2 3
IR Raman IR Raman IR Raman
v(NH) 3208-3103 3007 — 3100-3042 3213-3023 3080-3039
Vas(NO2) 1586 1618 1602 1589 1586 1606
Vs(NO») 1297 1298 1297 1300 1295 1302

172



2.6 Crystallographic Data of 2

Appendix

2

formula

FW [g mol™]

crystal system
space group
crystal size [mm]

crystal habit

Pealc. [g Cm_3]
u
F(000)

20 range [deg]
index ranges

reflections collected
reflections independent
reflections unique
data/restraints/ parameters
GooF
Ri/wRa [I>20(])]
R1 /WR2 (all data)

max / min residual electron
density [A 7]

CeHi14N3O16S - H20
504.33
173 (2)
0.71073
monoclinic
R/a
0.40 x 0.06 x 0.02
colorless needle
28.502 (2)
5.8411 (4)
24.249 (2)

90
108.424 (9)
3830.1 (6)

8

1.749
0.276
2080

4.41-31.55

—35<h<35
—T1<k<7
-30</<18

15176
3902
3058
3902/0/379
1.033
0.0358 /0.0521
0.0861/0.0955

0.270 /-0.349

016

’017

Figure A2.1 X-ray molecular
structure  of  bis(trinitropropyl)-
ammonium sulfate hydrate (2).
Thermal ellipsoids represent the 50%
probability level.

CCDC: 1941571
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2.7 Theoretical Calculations

In order to calculate the solid state enthalpies, the sublimation enthalpy calculated using
Trouton's rule’ were subtracted from the calculated gas phase enthalpies. For the gas phase
enthalpies of formation itself the modified CBS-4M method, which is a re-parameterized version
of the original CBS-4 method and includes some additional empirical corrections.'®"" All ab initio
calculations were carried out by using the program package Gaussian 09'? and were visualized by
GaussView 5.08."

Based on this calculations, the detonation parameters were calculated using the program
package EXPLOS5(V6.03)."* The detonation parameters were calculated at the Chapman—Jouget
(C-J) point, which was found from the Hugoniot curve of the system by its first derivative. The
program is based on the steady-state model of equilibrium using a modified Becker-Kistiakowski-
Wilson equation of state for modeling the system. For the calculations the maximum densities at
room temperature was used (298 K), which were either obtained by pycnometer measurement or
calculated from the corresponding crystal densities. Therefore, the following equation and the av

coefficient of volume expansion from the nitramine HMX (a, = 1.6:10™* K) was used:

p2osk = pr/(1+ a(298-T)).

The specific impulses (/;,) were calculated as well at 70.0 bar chamber pressure, isobaric
combustion conditions (1 bar) and equilibrium to throat and frozen to exit. /sy, was calculated for
the neat compound, for optimized mixtures with aluminum and for a three component
composition with oxidizer, aluminum and 14% binder consisting of 6% polybutadiene acrylic
acid, 6% polybutadiene acrylonitrile and 2% bisphenol A ether. In order to find the optimal
composition the amount of aluminum was varied from 5% to 25% and plotted against the specific

impulses as shown in Graph A2.1 and Graph A2.2.
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Table A2.2 Specific impulses of salts 1 and 3 with varying amounts of aluminum, calculated without

and with binder.
1 1 (14% binder) 3 3 (14% binder)
Is /s (5.0% Al) 231 229 272 229
L /s (7.5% Al) 234 233 274 233
I /s (10.0% Al) 236 236 275 235
I /s (12.5% Al) 238 230 273 237
I /s (15.0% Al) 239 226 266 238
I /s (17.5% Al) 240 224 259 239
I /s (20.0% Al) 240 222 251 239
I /s (22.5% Al) 239 220 247 238
I /s (25.0% Al) 237 217 237 237

Graph A2.1 Specific impulse of periodate 1 in aluminum mixtures without and with binder.

Specific impulse of salt 1 in mixtures

¢ Salt1 mSalt 1 with binder

_ 250
& 240 ¢ & & ¢ o o

3 230 a ® ¥ g n

3 220 " oa g

_g 210 T T T T T T 1
= 0,0 5,0 10,0 15,0 20,0 25,0

(8]

é’_ Amount of aluminum [%]

Graph A2.2 Specific impulse of amino-bis(5-tetrazolate) 3 in aluminum mixtures without and with

binder.
Specific impulse of salt 3 in mixtures
—_ °*
= 270 ¢ o * o
o L 2
% 250 2 2 ﬁ
£ 230 | _ m @m = ® B8 @ = .
£ 0,0 5,0 10,0 15,0 20,0 25,0 30,0
§ Amount of aluminum [%]
(7]
@ Salt3 [@Salt 3 with binder
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3 Supporting Information to Trinitroethyl esters Based
on Divalent Acids

3.1 General Experimental Details

'H, "*C and '""N NMR spectra were recorded on a 400 MHz (Bruker 400 TR) spectrometer at
ambient temperature, whereby the chemical shifts were determined with respect to external
standards, MesSi (‘"H 399.8 MHz; *C 100.5 MHz) and MeNO: ("*N 28.9 MHz). IR and spectra
were measured with a PerkinElmer Spectrum One FTIR equipped an ATR device. Furthermore,
Raman spectra were recorded using a Bruker MultiRAM FT Raman spectrometer with ND:YAG
laser with excitation up to 1000 mW at 1064 nm respectively at ambient temperature. For the
Raman spectra additionally glass tubes were used. Elemental analyses were obtained on an
Elementar vario EL or Elementar Vario micro cube. Simple melting und decomposition points
were measured with an OZM Research DTA 552-Ex apparatus with a linear heating rate of
5°C min"' in a temperature range of 15 to 400 °C and checked by a Biichi Melting Point B-430
apparatus (not corrected). For the stability evaluation; DSC measurements were carried out on a
DSC 2+ from Mettler Toledo in sealed high pressure crucibles. Furthermore, a TGA/DSC 3+ was
used for the TGA measurements, whereby aluminum oxide crucibles were used. The sensitivity
data towards impact and friction were obtained using a BAM drophammer' and BAM friction
tester”. The low temperature single-crystal X-ray diffraction studies were performed on an Oxford
XCalibur3 diffractometer with a generator (voltage 50 kV, current 40 mA) and a Kappa CCDarea
detector operating with Mo-Ka radiation (A = 0.7107 A). For solving the structure direct methods
were used (e.g. SIR97)** and refined by full-matrix least-squares on F° (SHELXL)®
implemented in the WINGX software package.” All non-hydrogen atoms were refined
anisotropically and the DIAMOND plots are shown with thermal ellipsoids at the 50% probability
level. CCDC 2009758 (nitraminodiacetic acid) and CCDC 2009759 (NABTNE) contains the
supplementary crystallographic data for this paper. These data can be obtained free of charge

from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
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3.2 NMR Data of MaBTNE

The 'H and “C NMR shifts of malonic acid bis(2,2,2-trinitroethyl ester) were measured in
various solvents and are listed in Table A3.1. Since MaBTNE is not stable in acetone, no shifts
are listed for this solvent. As an example, the spectra including the "N NMR spectra in CD;CN

are depicted.

Table A3.1 MaBTNE in various deuterated solvents. Values in ppm.

Spectra/Solvent DMSO MeOD CDs;CN CDCl:
H CH, 597 5.79 5.60 5.45
CH, 3.96 3.72 3.68 3.63
BC (6] 163.6 164.6 164.3 162.4
C(NO»)3 124.3 125.24 124.5 122.7
CH, 61.1 62.5 62.0 61.5
CH, 39.4 48.8 40.6 39.8
| | |
o O

OMe T AN oy,

"H, acetonitrile D,

~

J
£} ry
: . : . . T : . : , . .

3

T T
105 100 95 9.0 85 8.0 75 7.0 6.5 6.0 55 4.5 4.0

T T T T T T T T T
5.0 5 30 25 20 15 10 05 00 -05
5 (ppm)
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—164.306

—124.486
—61.962
—40.607

o O

(O,N)5C /\OMO/\C(Noz)a

3C, acetonitrile D,

T T T T T
170 160 150 140 130 120 10 100 90 80 70 60 50 40 30 20 10
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©
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I

o O
P M PR
(O;N)3C 0 0] C(NOy)3
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i
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3.3 NMR Data of NABTNE

The 'H and “C NMR shifts of nitramino diacetic acid bis(2,2,2-trinitroethyl ester) were
measured in various solvents and are listed in Table A3.2. NABTNE is barely soluble in CDCls,
therefore only "H NMR resonances are listed. As an example, the spectra including the '“N NMR

spectra in CD3CN are depicted.

Table A3.2 NABTNE in various deuterated solvents, shifts in ppm.

Spectra/Solvent DMSO MeOD CDs;CN CDCl: (CDs)CO
'H CH; 6.03 5.84 5.64 5.50 5.96
CH; 4.85 4.76 4.65 4.64 4.96
3C cO 164.7 166.1 165.6 — 165.7
C(NO»); 1243 129.1 124.7 — 131.8
CH; 61.2 62.6 62.1 — 62.3
CH; 52.6 53.6 53.7 — 53.5
| !
9 NO; O
O,N):C ~ 0 N 0~ C(NO,);

"H, acetonitrile D,

T T
105 100 95 9.0 85 8.0 75 7.0 6.5 6.0 55
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3.4 Vibrational Spectroscopy

The most characteristic vibration frequencies in the IR and Raman spectra are the carbonyl and

nitro groups, which are along with v(CH), summarized in Table A3.3. Thereby, the CH-stretching

modes can be found in the range V=2998-2960 cm " and the v(C=0) stretching vibrations are

located in the large range v=1785-1683 cm™

. Regarding the nitro groups, vibrational analysis
showed the characteristic asymmetric (va(NO,)) stretching vibrations in the range from 1618 cm™
to 1561 cm™'. Furthermore, the symmetric (v{NO,)) stretching are found in the range v = 1305—

1279 cm™".

Table A3.3 Selected IR and Raman bands of MaBTNE, nitraminodiactic acid and NABTNE in cm™.

MaBTNE Nitraminodiactic acid NABTNE
IR Raman IR Raman IR Raman
v(CH) 2973 2960 2967 2964 2998-2960 2996-2960
WC=0) 1764 1785 1719 1683 1785 1781
Vas(NO2) 1582 1611 1561 1568 1590 1618
vs(NO2) 1297 1305 1279 1287 1290 1293

3.5 Microscope Images

Images of the crystals of MaBTNE and NABTNE were taken on a Leica S9i stereo

microscope in magnifications from 500 um to 2 mm, using a polarization filter.

Figure A3.1 Microscope images of MaBTNE (left) and NABTNE (center and right).
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3.6 Crystallographic Data

3.6.1 Nitraminodiacetic Acid

Nitraminodiacetic
acid
formula C4HeN206
FW [g mol™] 178.11
T [K] 123 (2)
2 [A] 0.71073
crystal system orthorhombic
Pnma

space group
crystal size [mm]

crystal habit

a, f, y [deg]
VA
Z
peatc. [g em™]
H
F(000)

20 range [deg]
index ranges

reflections collected
reflections independent
Rint
Observed reflections
Parameters
R (obs)
wRo (all data)
GooF

Resd. Dens. [e A7)

0.40x 0.06 x 0.15

colorless plate
8.8051 (4)
14.4941 (7)
5.2206 (2)
90
666.26 (5)
4
1.776
0.170
368

4.15-26.37

-10<h<11
-18<k<18
—6</<6

4692

709
0.0329

603

70
0.029
0.0709
1.076

-0.230; 0.248

Figure A3.2 X-ray molecular
structure of nitraminodiacetic acid.
Thermal ellipsoids represent the 50%
probability level.

CCDC: 2009758
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3.6.2 NABTNE
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NABTNE
formula CsHsNsOis
FW [g mol™] 504.22
T'[K] 153 (2)
ATA] 0.71073
crystal system triclinic Figure A3.3 X-ray molecular
structure of nitramino diacetic acid
space group P-1 bis(trinitroethyl ester) (NABTNE).

crystal size [mm]

crystal habit

Pealc. [g cm'3]
u
F(000)

20 range [deg]
index ranges

reflections collected
reflections independent

Rint

Observed reflections

Parameters
R1 (obs)
wR2 (all data)

GooF

Resd. Dens. [e A7)

0.20x0.18x0.14
colorless needle
5.8695 (7)
17.401 (2)
18.116 (2)
88.360 (9)
86.992 (10)
84.906 (10)
1839.9 (4)
4
1.82016
0.182
1024

3.38-26.37

—-7<h<6
—21<k<20
-16<1<22

7532
7532
0.0975
2872
614
0.0715
01466
0.926

-0.341; 0.326

Thermal ellipsoids represent the
50% probability level.

CCDC: 2009759
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3.7 Plots of DSC Measurements of NABTNE (2)

The DSC Measurements were carried out on a DSC 2+ from Mettler Toledo in heating rates of

0.5°Cmin", 1 °Cmin", 2°C min ', 4 °C min' and 8 °C min".

35

30+

25 - 4 °C/min
2 °C/min

20

15+ 0.5 °C/min

Heat Flow [mW]

AN

L T T T T T T T T
120 140 160 180 200 220 240
Temperature [°C]

Figure A3.4 DSC measurements in various heating rates plotted against the resulting heat flow.

3.8 Theoretical Calculations

In order to calculate the enthalpies and energies of formation, CBS4-M level calculations were
used as implemented in GAUSSIAN 09. Gas phase enthalpies were transformed to solid state
enthalpies by using Trouton's rule for neutral compounds.”! All ab initio calculations were carried
out by using the program package Gaussian 09 and were visualized by GaussView 5.08.*)

Based on these calculations, the detonation parameters were calculated using the
EXPLO5(V6.03) program package.”) The program is based on the steady-state model of
equilibrium and uses the Becker-Kistiakowski-Wilson equation of state (BKW EOS) for gaseous
detonation products. EXPLOS is designed to enable the calculation of detonation parameters at the
Chapman—Jouget (C-J) point, which was found from the Hugoniot curve of the system by its first
derivative. For the calculations the maximum densities at room temperature were used (298 K),
which were calculated from the corresponding crystal densities. Therefore, the following equation

and the a, coefficient of volume expansion from the nitramine HMX (ay = 1.6:10~* K) was used.

paosk = pr/(1+ a,(298-T))

The specific impulses (/;,) were calculated as well at 70.0 bar chamber pressure, isobaric
combustion conditions (1 bar) and equilibrium to throat and frozen to exit. /s, was calculated for
the neat compound, for optimized mixtures with aluminum and for a three-component

composition with oxidizer, aluminum and 14% binder. In order to find the most suitable binder,
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HTPB, PBAN (6% polybutadiene acrylic acid, 6% polybutadiene acrylonitrile and 2% bisphenol

A ether) and the more energetic binder GAP and BAMO, were taken into account. The amount of

aluminum was varied from 5% to 25% and plotted against the specific impulses as shown in

Graph A3.1 and Graph A3.2.

Table A3.4 Specific impulses of MaBTNE with varying amounts of aluminum, calculated with 14%
HTPB, PBAN, GAP and BAMO as binder.

HTPB PBAN GAP BAMO
Is /s (5.0% Al) 232 231 251 251
Is /s (7.5% Al) 235 235 253 253
Is /s (10.0% Al) 240 240 255 255
Is /s (12.5% Al) 239 243 256 257
Is /s (15.0% Al) 238 240 258 258
I /s (17.5% Al) 236 238 258 259
Is /s (20.0% Al) 234 235 256 256
Is /s (22.5% Al) 232 233 251 249
I /s (25.0% Al) 229 230 243 241
Graph A3.1 Specific impulse of MaBTNE in aluminum mixtures with different binders.
270 -
_ 265 -
‘o 260 -
b Q e b
S 255 - Qe [
a & HTPB
£ 250 - e é
S = é
§' 240 - m P g U A GAP
235 = 9 @ BAMO
230 ] : : : o .
0,0 5,0 10,0 15,0 20,0 25,0 30,0
Amount of aluminum [%]
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Table A3.5 Specific impulses of NABTNE with varying amounts of aluminum, calculated with 14%
HTPB, PBAN, GAP and BAMO as binder.

HTPB PBAN GAP BAMO
I /s (5.0% Al) 234 234 254 254
I /s (7.5% Al) 238 238 256 256
I /s (10.0% Al) 240 242 258 258
I /s (12.5% Al) 240 243 259 260
I /s (15.0% Al) 239 241 261 261
L /s (17.5% Al) 238 239 261 261
I /s (20.0% Al) 236 237 257 256
I /s (22.5% Al) 233 235 250 248
I /s (25.0% Al) 231 231 241 239

Graph A3.2 Specific impulse of NABTNE in aluminum mixtures with different binders.

270 -
— 265 -
"
o 260 - . e 2 e e R
3 2 7 Q # HTPB
£ 250 - é
o I PBAN
£ 245 - m
(S}
@ 240 - A GAP
2 m S o g =] v é
235 - = g @ BAMO
230 . . . . = .
0,0 5,0 10,0 15,0 20,0 25,0 30,0
Amount of aluminum [%]

186




Appendix

3.9 References

1. NATO. Explosives, Impact Sensitivity Tests; Standardization Agreement 4489 (STANAG
4489), Brussels, Belgium, 1999.

2. NATO. Explosives, Friction Sensitivity Tests; Standardization Agreement 4487
(STANAG 4487), Brussels, Belgium, 2002.

3. Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Burla,
M. C.; Polidori, G.; Camalli, M.; Spagna, R. SIR97, Univeristy of Bari (Italy), 1997.

4, Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.; Giacovazzo, C.; Guagliardi,

A.; Moliterni, A. G. G.; Polidori, G.; Spagna, R., SIR97: a New Tool for Crystal Structure
Determination and Refinement. J. Appl. Crystallogr. 1999, 32, 115-119.

5. Sheldrick, G. M., A Short History of SHELX. Acta Crystallogr. 2008, 644, 112—122.

6. Sheldrick, G. M. SHELX-97, Programs for Crystal Structure Determination, University
of Gottingen: University of Gottingen, Gottingen (Germany), 1997.

7. Farrugia, L. J., WinGX Suite for Small-molecule Single-crystal Crystallography. J.
Appl.Crystallogr. 1999, 32, 837-838.

8. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman,

J. R.; G. Scalmani, V. B.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.;
Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.;
Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.;
Vreven, T.; J. A. Montgomery, J.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers,
E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.;
Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J.
E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev,
O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.;
Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.;
Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. I., Gaussian 09. Rev. A.02 ed.,
Gaussian, Inc., Wallingford CT (US), 2009.

9. Ochterski, J. W.; Petersson, G. A.; Montgomery, J. A., A Complete Basis Set Model
Chemistry. V. Extensions to Six or More Heavy Atoms. J. Chem. Phys. 1996, 104, 2598-2619.

10. J. A. Montgomery; Frisch, M. J.; Ochterski, J. W.; Petersson, G. A., A Complete Basis
Set Model Chemistry. VII. Use of the Minimum Population Localization Method. J. Chem. Phys.
2000, /12, 6532-6542.

11. Trouton, F., On Molecular Latent Heat. Philos. Mag. 1884, 18, 54-57.

12. Dennington II, R. D.; Keith, T. A.; Millam, J. M., GaussView. Ver. 5.08 ed., Semichem,
Inc., Wallingford CT (US), 2009.

13. Suceska, M., EXPLOS V6.03. Zagreb (Croatia), 2015.

187



Appendix

4 Supporting Information to Azoles with Trinitroethyl
Substitution

4.1 'H and 3C NMR Data of 2
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4.4 Crystallographic Data of Triazole 3

3
formula CsH2NsOs
FW [g mol ] 282.13
T[K] 173
L[A] 0.71073
crystal system monoclinic
space group P2i/n
crystal size [mm] 0.37x0.04x 0.04

crystal habit colorless needle
a[A] 10.933 (7)
b[A] 9.353 (5)
Figure A4.1 X-ray molecular
c[A] 112749 structure of 4,5-dicyano-1N-
a, y [deg] 90 (trinitroethyl)-1,2,3-triazole 3).
Thermal ellipsoids represent the 50%
p [deg] 108.6 (8) probability level.
VA3 1092.3 (9)
CCDC: 1587493
z 4
Peate. [g cm™] 1.72
u 0.155
F(000) 568
20 range [deg] 4.50-27.47
-12<h<13
index ranges -11<k<11
—14<i<14
reflections collected 8407
reflections unique 2221
parameters 189
GooF 1.023
Ri/ WRy [I>20(])] 0.0453/0.0773

R1 /WR; (all data) 0.0923 /0.1064
max / min residual electron

density [A73] 0.367/-0.321
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4.5 Crystallographic Data of Tetrazole 5

5
formula C4HsN-Og
FW [g mol ] 247.13
T[K] 143
2[A] 0.71073
crystal system monoclinic
P2i/c

space group
crystal size [mm]
crystal habit
a[A]
b[A]
c[A]
@, y [deg]
p [deg]
VA
z
Peate. [g cm™]
u
F(000)

20 range [deg]
index ranges

reflections collected
reflections unique
parameters
GooF
R\ / WRy [I>20(])]

Ri /WR; (all data)

max / min residual electron

density [A73]

0.35x0.15x 0.03
yellow platelet
11.0691 (16)
7.7257 (9)
12.030 (2)
90
114.457 (19)
936.5(3)

4
1.75
0.163
504

4.20-29.34

—14<h<l14
-10<k<10
-13<1<16

2197
1463
174
0.977
0.0449/0.0795

0.0769/0.0911

0.285/-0.308
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Figure A4.2
structure of
tetrazole (5).

CCDC: 1822024

X-ray  molecular

1 N-trinitropropyl

Thermal ellipsoids
represent the 50% probability level
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4.6 Theoretical Calculations

Enthalpies of formation of all presented compounds were calculated using the CBS-4M
quantum chemical method'? with Gaussian09 A.02°. The CBS (complete basis set) models use
the known asymptotic convergence of pair natural orbital expressions to extrapolate from
calculations using a finite basis set to the estimated complete basis set limit. In this study we
applied the modified CBS-4M method (M referring to the use of Minimal Population localization)
which is a re-parametrized version of the original CBS-4 method and also includes some
additional empirical corrections. The calculated gas phase enthalpies were transformed to solid
state enthalpies by subtraction of sublimation enthalpy calculated by using Trouton’s rule.*

Detonation parameters were calculated using the EXPLOS 6.03 computer code’ with the CBS-
4M calculated enthalpies of formation. The program is based on the steady-state model of
equilibrium and uses the Becker-Kistiakowsky-Wilson equation of state (BKW EOS.) for gaseous
detonation products and the Murnaghan EOS for both solid and liquid products. It is designed to
enable the calculation of detonation parameters at the Chapman—Jouguet point (C—J point). The
C-J point was found from the Hugoniot curve of the system by its first derivative.® The
calculations were performed using the maximum densities at room temperature. The densities at
298 K were either obtained by pycnometer measurement or calculated from the corresponding
crystal densities by following equation and the av coefficient of volume expansion from the
nitramine HMX (ay = 1.6:107* K7):

paosk = pr/(1+ a,(298-T)).
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4.7 Calculation Details of Triazole 3

3

Minimum energy of optimized structure, MP4(SDQ)/6-31 G
CBS-4M enthalpy, basis for EXPLOS 6.03 calculations
CSB-4M energy

CSB-4M free energy

Number of imaginary frequencies

Cartesian coordinates

Atom X y
0 2.68780900 1.54869300
N 2.80273600 0.51135300
O 3.81387700 —0.10310200
C 1.49748900 0.03367500
N 1.65442700 —1.40693400
C 0.40985900 0.22857200
N 1.29480100 0.83850400
O 1.95589800 —2.10324800
0 1.43550400 —1.73519900
N —0.87095000 —0.27747900
H 0.33443000 1.27775700
H 0.71964300 —0.31809400
0 0.19042500 1.37593400
0 2.26561200 0.88598200
C —2.00656400 0.37975900
N —1.09395900 —1.64310600
C —2.15450400 1.77638000
C —2.92135800 —0.59094000
N —2.31383000 —1.81270600
N —2.29004900 2.90633600
C —4.26637300 —0.43593000
N —5.35436900 —0.29614400

—1114.2693144 a.u.

—1117.430133 a.u.

—1117.431077 a.u.

—1117.495594 a.u.

0

z

—1.32770500

—0.64590100

—0.35292900

—0.07749500

0.27369100

—1.13125300

1.16643700

—0.70163500

1.43298300

—0.69285200

—1.35037800

—2.00608100

1.30163800

1.91565200

—0.37081100

—0.62222900

—0.37966500

—0.09648800

—0.25850200

—0.39936900

0.28205700

0.58649000
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4.8 Calculation Details of Tetrazole 5

5
Minimum energy of optimized structure, MP4(SDQ)/6-31 G —985.6322218 a.u.
CBS-4M enthalpy, basis for EXPLOS 6.03 calculations —988.475794 a.u.
CSB-4M energy —988.476738 a.u.
CSB-4M free energy —988.537654 a.u.
Number of imaginary frequencies 0

Cartesian coordinates

Atom X y z
N 1.72577700 —0.62568700 1.21272700
O 0.84589700 2.10968400 —0.78089200
N 2.01293300 —0.69509600 —1.18667300
O 1.14065600 —0.17592000 2.21227900
O 2.54166700 1.71967200 0.59715500
N —2.56799000 0.15800200 0.24925700
N —3.11557300 —1.11304100 0.26856500
N 1.56761900 1.39347400 —0.06949200
O 2.63820900 —1.43702800 1.16565900
N —4.31106300 —1.00814700 —0.17538600
O 1.66047900 —1.84169700 —1.47462500
O 2.91589500 —0.02100500 —1.67807600
N —4.59573900 0.33463100 —0.49957400
C —1.20438700 0.37416400 0.70529600
C —0.26171000 —0.31395200 —0.30365800
C —3.51002300 0.99472800 —0.22567000
C 1.21689200 —0.06475200 —0.07730200
H —0.48318300 0.06365200 —1.29057900
H —0.42272000 —1.38049600 —0.29774600
H —1.02484900 1.43624100 0.72735000
H —1.09773400 —0.03909300 1.68977400
H —3.37030600 2.03995800 —0.34875800
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5 Supporting Information to Urazine Derivatives

5.1 General Information

Raman spectra were recorded in glass tubes with a Bruker MultiRAM FT-Raman spectrometer
with a Klaastech DENICAFC LC-3/40 laser (Nd:YAG, 1064 nm, up to 1000 mW). The
measurement range is from 4000 to 400 cm™'. IR spectra were recorded on an ATR device using
the Perkin-Elmer One spectrometer. All Raman and IR spectra were recorded at ambient
temperature. NMR spectra were recorded with the 400 MHz spectrometers JOEL Eclipse and
Bruker TR at 25 °C. MesSi ('H, 399.8 MHz, "*C, 100.5 MHz) and MeNO, (**N, 28.9 MHz) were
used as external standards to determine the chemical shifts relative to. Analysis of C/H/N were
performed on an Elementar vario EL, C/H/N/S on an Elementar vario micro cube and CI with a
Metrohm 888 Titrando. Melting and decomposition points were determined by differential
thermal analysis (DTA) using an OZM Research DTA 552-Ex instrument at a heating rate of
5°Cmin"' and checked by a BUCHI melting- point apparatus B-540. Temperature-dependent
weight loss was detected using Thermal Gravimetry Analysis with a Perkin Elmer, TGA4000 in
the temperature range from 30 °C—400 °C. Measurements were performed in a temperature range
of 15 to 400 °C against a reference material. The sensitivity data were acquired by using a BAM

drop hammer and BAM friction tester.!")

5.2 X-ray Crystallography

Suitable crystals for X-ray crystallography were selected by means of a polarization
microscope, mounted on the tip of a glass fiber. All measurements were investigated with an
Oxford Xcalibur CCD diffractometer at low temperatures. Mo-K, radiation (A =0.7107 A) was
delivered by a Spellman generator (voltage 50 kV, current 40 mA) The solution of the structures
was performed by direct methods (e. g. SIR97)™? and refined by full-matrix least-squares on F°
(SHELXL),?! both implemented in the program package WINGX."! At the end, all structures were
checked using the PLATON software.”! All non-hydrogen atoms were refined anisotropically and
structures displayed with ORTEP plots are drawn with thermal ellipsoids at 50% probability level.

Crystallographic data (excluding structure factors) for the structures in this paper have been
deposited with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge
CB21EZ, UK. Copies of the data can be obtained free of charge on quoting the CCDC numbers
2000061 (2), 1992639 (3), 1992643 (4), 1992641 (6) 1992642 (7), 1992644 (8), 1992640 (9),
1992645 (10) and 1993031 (12) (http://www.ccdc.cam.ac.uk)
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Table A5.1 Crystallographic data of 2—4

2 3 4
Formula C;HsN;Og C,HoN;503 C2H7NsO5
FW [g mol ] 279.15 151.14 149.13
Crystal system orthorhombic triclinic triclinic
Space Group Pbca P-1 P-1
Color / Habit colorless block colorless plate colorless plate
Size [mm] 0.16x 0.27 x 0.55 0.20 x 0.40 x 0.40 0.20 x 0.40 x 0.40
a[A] 11.3543(6) 5.8479(6) 5.8801(5)
b[A] 11.5615(5) 6.5506(6) 6.6460(7)
c[A] 15.3582(7) 8.5116(8) 8.3699(8)
a[°] 90 69.929(9) 69.586(9)
Bl°] 90 74.878(9) 75.035(8)
7 [°] 90 87.356(8) 65.149(9)
VA3 2016.11(17) 295.31(5) 275.75(5)
V4 8 2 2
Peale. [g cm 3] 1.839 1.700 1.796
p#[mm'] 0.177 0.152 0.162
F(000) 1136 160 156
Mvioka [A] 0.71073 0.71073 0.71073
T [K] 115 114 127
6 Min—-Max [°] 2.7,28.7 2.6,32.2 2.6,28.3
Index ranges -13<h<15 —8§<h<5 —-7<h<7
-15<k<14 —-9<k<6 —8<k<8
—20<17<20 -12</<8 -11</<11
Reflections collected 24181 2871 2376
Independent refl. 2607 1910 1360
Rint 0.045 0.020 0.019
Observed reflections 2049 1619 1172
Parameters 192 127 119
R, (obs)? 0.0478 0.0380 0.0356
WR; (all data)® 0.1424 0.1004 0.0961
GooF® 1.06 1.09 1.05
Resd. Dens. [e A3] —0.23, 0.66 —0.31,0.33 —0.30, 0.29
Absorption correction multi-scan multi-scan multi-scan
CCDC 2000061 1992639 1992643

a) Ri = Z||[Fo|— |Fd|l/ Z|Fo|; b) wRz = [E[w(Fe>~F>)*VZ[w(F0)*]]"* w = [ocX(Fo?)+(xP)Y+yP]™" and P=(Fo*+2F.%)/3; ¢) GooF =
{Z[W(F>~F2)?)/(n—p)} " (n = number of reflections; p = total number of parameters)
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Table A 5.2 Crystallographic data of 6-8.
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6 7 8
Formula C3H2N30; C4H4Li,NgOg C,HsNsNaOs
FW [g mol '] 208.21 316.11 156.09
Crystal system triclinic triclinic triclinic
Space Group P-1 P-1 P-1
Color / Habit colorless plate colorless block colorless block
Size [mm] 0.10 x 0.40 x 0.50 0.30x 0.35 x 0.40 0.35x0.40 x 0.40
a[A] 5.8393(5) 5.7310(8) 5.8666(5)
b [A] 7.1775(5) 7.0776(7) 6.5673(5)
c[A] 11.0273(9) 8.7697(11) 7.7285(7)
a[°] 82.779(6) 108.08(1) 77.932(7)
B°] 77.775(7) 96.899(11) 81.768(7)
y[°] 76.647(7) 106.053(11) 67.305(7)
V[A3] 438.05(6) 316.60(8) 267.99(4)
V4 2 1 2
Peale. [g em 3] 1.579 1.658 1.934
p#[mm1] 0.135 0.150 0.237
F(000) 220 164 160
Avoka [A] 0.71073 0.71073 0.71073
T[K] 110 123 123
0 Min-Max [°] 2.9,26.4 2.5,26.4 2.7,32.1
Index ranges -7<h<4 —“7<h<7 —-8<h<8
—8<k<8 —8<k<8 -9<k<9
-13</<11 -10</<10 -11</<11
Reflections collected 3102 4661 5460
Independent refl. 1789 1297 1769
Rint 0.022 0.034 0.029
Observed reflections 1446 1074 1509
Parameters 175 128 112
R, (obs)? 0.0375 0.0356 0.0348
WR, (all data)® 0.0938 0.0866 0.0861
GooF¢ 1.05 1.08 1.06
Resd. Dens. [e A3] —0.23,0.23 —0.30, 0.20 —0.30, 0.46
Absorption correction multi-scan multi-scan multi-scan
CCDC 1992641 1992642 1992644

a) Ri = Z||[Fo|— |Fd|l/ Z|Fo|; b) wRz = [E[w(Fo>~F>)*VZ[w(F0)*]]"* w = [ocX(Fo?)+(xP)Y+yP]™" and P=(Fo*+2F.%)/3; ¢) GooF =
{Z[W(F>~FA)?/(n—p)} " (n = number of reflections; p = total number of parameters).

197



Appendix

Table A 5.3 Crystallographic data of 9, 10 and 12.

9 10 12
Formula C,H5KN4O; C,H;5CIN4O¢ C4H3Cl,CuNgOs
FW [g mol '] 172.20 216.55 494.62
Crystal system triclinic orthorhombic monoclinic
Space Group P-1 Pbca P2i/n
Color / Habit colorless block colorless block green rod
Size [mm] 0.05x0.10 x 0.20 0.10x 0.15x 0.30 0.17x0.24 x 0.34
a[A] 5.8036(8) 8.8439(3) 5.8880(1)
b[A] 6.5418(8) 9.3739(4) 7.7225(1)
c[A] 8.3032(13) 16.1673(6) 15.5139(3)
a[°] 69.940(13) 90 90
Bl°] 74.677(13) 90 100.622(2)
7 [°] 84.165(10) 90 90
V[A3] 285.57(7) 1340.30(9) 693.33(2)
Z 2 8 2
Peale. [g cm 3] 2.003 2.146 2.369
p[mm'] 0.877 0.583 2.058
F(000) 176 880 494
Aok [A] 0.71073 0.71073 0.71073
T[K] 122 200 293
6 Min—-Max [°] 2.7,26.4 43,270 4.4,26.5
Index ranges —-7<h<6 -11<h<11 —“7<h<7
—8<k<6 -11<k<11 -9<k<9
-10</<8 -12<1<20 -19<1<19
Reflections collected 1538 6933 6996
Independent refl. 1143 1462 1440
Ring 0.020 0.036 0.018
Observed reflections 984 1168 1399
Parameters 111 138 140
R, (obs)? 0.0336 0.0308 0.0199
WR; (all data)® 0.0754 0.0835 0.0529
GooFe¢ 1.05 1.03 1.07
Resd. Dens. [e A3 —0.33,0.32 —0.62, 0.27 —0.38,0.32
Absorption correction multi-scan multi-scan multi-scan
CCDC 1992640 1992645 1993031

a) R1 = X|[Fo|— |F¢||/ Z|Fo|; b) wR2

[Z[w(Eo™=FYVZ[w(Fo)*]]"

{Z[W(F>~FA)?/(n—p)} " (n = number of reflections; p = total number of parameters).
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5.3 Plots of NMR Spectra
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Figure A5.3 'H and '3C NMR spectra of salt 3
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Figure A5.6 'H and '3C NMR spectra of salt 6.
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Figure A5.7 'H and '3C NMR spectra of salt 7.
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Figure A5.9 'H and '3C NMR spectra of salt 9.
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Figure A5.10 'H and '*C NMR spectra of salt 10.
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Figure A5.11 'H and '*C NMR spectra of salt 11.
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5.4 Plots of IR Spectra
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Figure AS.12 Infrared spectra of compounds 1-12.
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5.5 DTA Plots
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Figure AS.13 DTA plots of compounds 1-12.
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5.6 TGA Plots
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Figure AS5.14 TGA plots of salts 3, 4, 6 and 9.
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5.7 Calculation of Energetic Performance

The detonation parameters of trinitroethyl compound 2 and the water-free salts 46 as well as
10 and 11 were calculated with the EXPLO5 (version 6.03) computer code./! The program is based
on the steady-state model of equilibrium and uses the Becker—Kistiakowski—Wilson equation of
state.l”) It is designed to enable the calculation of detonation parameters at the Chapman—Jouguet
(CJ) point, which itself is found from the Hugoniot curve of the system by its first derivative.
These calculations are based on the theoretical maximum density (TMD) and on the calculated
enthalpies of formation. If a water-free crystal structure was available, the densities were
calculated from the corresponding crystal densities by Equation 1. To obtain the densities of 5,

dehydrated 6 and 12 a He pycnometer from Linseis was used.

_ PT
P298K = T o 208-1) M

a is the coefficient of volume expansion of the nitramine HMX (octogen, a, = 1.6x107* K).[*
The CBS-4M quantum chemical method™ with GAUSSIAN 09!'"%! was used to calculate the
enthalpies of formation. Furthermore, based on Trouton's rule the gas-phase enthalpies were

converted to solid-state enthalpies.!'"

5.8 Hot plate and Hot Needle

The hot-plate (HP, Figure A5.15) and hot-needle (HN, Figure A5.16) were used to estimate if

complex 12 shows a fast detonation to deflagration transition (DDT).

Figure A5.15 HP of complex 12. Moment of deflagration shown as a sequence.

The decomposition of the urazine complex in the hot plate test proceeded with deflagration. As
expected for a cooper(Il) halide containing compound the flame color was blue. Also, in the hot

needle test, a deflagration was observed.
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Figure A5.16 HN of complex 12. Moment of deflagration shown as a sequence.

5.9 Laser Initiation Test

For testing compound 12 towards it laser-ignitability, 15 mg of the complex was carefully
filled into a transparent plastic cup, pressed with a pressure force of 1 kN and sealed with a UV-
curing adhesive. The ECC was irradaited with a 45 W InGaAs laser diode working in the single-
pulsed mode. The diode is attached to an optical fiber with a core diameter of 400 um and a
cladding diameter of 480 pm. The optical fiber is linked via a SMA type connecter to the laser
and to a collimator. This collimator is plugged to an optical lens, which is positioned in its focal
distance (f=29.9 mm) to the sample. The lens is protected from the explosive using a sapphire
glass. The laser diode is working at a wavelength of 915 nm, a voltage of 4 V, a current of 7 A
and a pulse length of 1 ms yielding a total energy output of 1.7 mJ, which revealed a very strong

detonation of compound 12 (Figure A5.17)

Figure A5.17 Moment of detonation during the positive laser initiation test of complex 12.
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6 Supporting Information to Salts of Pentaerythritol
Tetranitrocarbamate

6.1 'H and 3C NMR Data of Salt 2
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6.4 'H and 3C NMR Data of Salt 5
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6.7 1H and 13C NMR Data of Salt 8
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6.10 IR and Raman Data of Salts 2-10

Tetrakis(guanidinium) PETNC (2)

IR (ATR): y = 3338 (m), 3124 (m), 3000 (m), 2980 (m), 2839 (m), 2750 (m), 1651 (s), 1568
(m), 1382 (s), 1231 (m), 1182 (m), 1168 (m), 1117 (m), 1086 (m), 1009 (w), 971 (w), 881 (w),
825 (m), 785 (w), 708 (w), 669 (W), 589 (W), 552 (W), 548 (m), 534 (m) cm'. Raman (500 mW):
v = 3277 (5), 2964 (9), 2906 (5), 1694 (14), 1579 (6), 1467 (10), 1415 (8), 1314 (9), 1225 (6),
1125 (12), 1092 (6), 1060 (26), 1041 (13), 1014 (100), 976 (20), 850 (5), 819 (4), 787 (11), 540
(20), 496 (14), 317 (7) cm™.

Tetrakis(aminoguanidinium) PETNC (3)

IR (ATR): y = 3415 (w), 3299 (m), 1790 (w), 1760 (w) 1660 (s), 1597 (m), 1452 (w), 1416
(m), 1327 (w), 1295 (w), 1206 (s), 1187 (s), 1082 (s), 980 (m), 957 (m), 935 (m), 782 (m), 748
(W), 587 (w), cm™'. Raman (500 mW): 7 = 3351 (11), 3332 (10), 3292 (15), 3267 (15), 3244
(12), 3229 (12), 3208 (9), 2977 (21), 2944 (9), 1684 (37), 1466 (25), 1434 (16), 1325 (26), 1309
(30), 1251 (10), 1200 (14), 1127 (31), 1095 (15), 1040 (56), 980 (100), 852 (15), 797 (22), 759
(10), 621 (14), 504 (29), 493 (29), 402 (11), 308 (22) cm™".

Tetralithium PETNC - 2.5 hydrate (4)

IR (ATR): § = 3452 (w), 2967 (w), 1773 (w), 1680 (m), 1620 (w), 1464 (w), 1407 (m), 1322
(m), 1206 (s), 1082 (s), 968 (m), 913 (w), 826 (w), 783 (m) cm™'. Raman (1000 mW): § = 3011
(29), 3000 (24), 2972 (40), 2934 (16), 2915 (29), 1692 (81), 1480 (40), 1465 (14), 1426 (41),
1380 (22), 1347 (21), 1264 (39), 1247 (21), 1144 (26), 1111 (22), 1061 (22), 1035 (29), 1019
(17), 988 (100), 895 (14), 830 (13), 799 (17), 751 (15), 456 (11), 375 (12), 345 (18) cm .

Tetrasodium PETNC - x hydrate (5)

IR (ATR): § = 3457 (w), 2960 (w), 1778 (w), 1679 (m), 1617 (w), 1467 (w), 1409 (m), 1322
(w), 1210 (s), 1082 (s), 966 (m), 905 (w), 824 (w), 784 (m) cm'. Raman (500 mW): = 3119
(10), 3109 (9), 2974 (55), 2913 (29), 2820 (9), 2807 (10), 2708 (8), 2685 (8), 1755 (8), 1748 (8),
1702 (38), 1691 (39), 1645 (12), 1621 (8), 1583 (9), 1466 (33), 1451 (34), 1441 (30), 1430 (30),
1395 (18), 1376 (11), 1333 (33), 1294 (22), 1271 (23), 1262 (22), 1250 (20), 1232 (25), 1221
(24), 1182 (7), 1175 (7), 1153 (6), 1129 (34), 1112 (23), 982 (100), 916 (7), 857 (14), 845 (16),
830 (15), 799 (28), 764 (11), 751 (9), 739 (8), 701 (7), 571 (16), 563 (6), 516 (11), 502 (21), 444
(7), 434 (7), 424 (8), 415 (8), 391 (8), 346 (7), 331 (9), 318 (10), 288 (8) cm .

Tetrapotassium PETNC - 2 hydrate (6).
IR (ATR): § = 3459 (w), 2967 (w), 1778 (w), 1679 (m), 1615 (w), 1464 (w), 1407 (m), 1321
(m), 1205 (s), 1079 (s), 968 (m), 913 (w), 826 (W), 784 (m) cm'. Raman (1000 mW): § = 3043
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(11), 2972 (76), 2912 (38), 2905 (38), 1787 (10), 1772 (14), 1743 (10), 1697 (41), 1689 (40),
1608 (8), 1467 (43), 1447 (36), 1339 (36), 1311 (38), 1258 (26), 1217 (21), 1182 (9), 1123 (30),
1050 (23), 983 (100), 928 (9), 847 (19), 835 (19), 801 (30), 760 (13), 740 (11), 620 (8), 493 (24),
466 (18), 318 (10) cm™.

Dicalcium PETNC - 7 hydrate (7)

IR (ATR): v = 3454 (w), 2907(w), 1775 (w), 1679 (m), 1622 (w), 1467 (w), 1407 (m), 1321
(m), 1205 (s), 1079 (vs), 968 (m), 908 (w), 826 (w), 784 (m) cm™'. Raman (1000 mW): § = 2999
(28), 2979 (41), 2918 (22), 1712 (10), 1679 (51), 1580 (5), 1471 (13), 1448 (24), 1409 (9), 1392
(14), 1349 (39), 1254 (13), 1234 (10), 1206 (4), 1145 (21), 1126 (11), 1086 (7), 999 (100), 978
(31), 934 (4), 874 (10), 855 (6), 833 (10), 804 (14), 753 (10), 739 (5), 550 (4), 507 (21), 486 (16),
355(8), 314 (6),229 (19) cm™.

Distrontium PETNC - 7 hydrate (8)

IR (ATR): 7 = 3437 (w), 1682 (s), 1478 (w), 1423 (m), 1391 (m), 1315 (w), 1230 (s), 1176
(w), 1116 (s), 981 (m), 922 (w), 882 (w), 856 (w), 789 (m), 775 (w), 747 (w), 624 (m), 504 (w)
cm™'. Raman (500 mW): 7 = 3284 (5), 2996 (32), 2980 (43), 2918 (29), 1713 (12), 1682 (63),
1582 (5), 1472 (13), 1440 (21), 1392 (14), 1345 (39), 1254 (17), 1239 (13), 1206 (5), 1142 (26),
1122 (14), 1072 (15), 1030 (10), 996 (100), 977 (37), 934 (5), 872 (16), 853 (8), 833 (13), 803
(16), 770 (5), 748 (9), 735 (6), 505 (26), 485 (21), 343 (10), 306 (7), 215 (24) cm™".

Dibarium PETNC - 4 hydrate (9)

IR (ATR): 7 = 3458 (w), 2968 (w), 2902 (w), 1770 (w), 1679 (m), 1617 (w), 1470 (w), 1407
(m), 1321 (m), 1205 (s), 1079 (vs), 968 (m), 916 (w), 826 (w), 784 (m) cm'. Raman (1000 mW):
y =2956(7), 2905 (4), 2886 (4), 1685 (7), 1568 (2), 1507 (3), 1471 (3), 1421 (6), 1285 (5), 1228
(5), 1132 (5), 1060 (100), 985 (16), 875 (2), 799 (4), 691 (14), 497 (3), 335 (3), 225 (7) cm ™",

Silver PETNC (10)

IR (ATR): 7 = 3503 (w), 3234 (w), 3182 (W), 2358 (w), 2263 (m), 1786 (w), 1688 (m), 1680
(m), 1612 (w), 1446 (w), 1397 (w), 1372 (w), 1211 (vs), 1195 (vs), 1114 (s), 1024 (w), 951 (m),
823 (w), 766 (m), 679 (w) cm . Raman (500 mW): 7 = 2979 (61), 2939 (29), 2913 (27), 2308
(5), 2273 (10), 1714 (11), 1673 (46), 1649 (18), 1627 (24), 1558 (11), 1471 (33), 1426 (25), 1412
(25), 1381 (13), 1364 (8), 1322 (37), 1287 (16), 1246 (37), 1222 (32), 1202 (38), 1134 (36), 1030
(100), 982 (65), 892 (34), 828 (20), 796 (42), 769 (11), 734 (9), 527 (11), 511 (16), 485 (35), 387
(11), 336 (16), 284 (8) cm™.
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6.11 Crystallographic data of salt 3

3

formula
formula weight [g mol™']
temperature [K]
crystal system

space group (No.)

Peate. [g em™]
p [mm']
F(000)
crystal habit
crystal size [mm]
g range [°]

index ranges

reflections measured
reflections independent
reflections unique
Rint

Ri, wR; (20 data)

C13H44N24016
792.65
173(2)

triclinic
P-1(2)
7.4041(4)
12.2568(6)
18.2301(8)
83.478(4)
80.963(4)
75.422(4)
1576.51(13)
2
1.653
0.147
820

colorless block

0.40 x 0.32 x0.12

4.20-32.39
—-10<h<Il
-17<k<17
—25<1<26
17568
10133
7202
0.022

0.0453, 0.0729

Figure A6.1 X-ray molecular

structure of

tetrakis(aminoguanidinium)

PETNC 3). Thermal

ellipsoids represent the 50%

probability level.

GOOF on F? 1.030
residual el. density [e A7) —0.294/0.371

CCDC 1850912

data/restraints/parameters 10133/0/622

Ri1, wR; (all data)

0.1003, 0.1186
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6.12 Room Temperature Densities

The densities at 298 K were either obtained by calculation from the corresponding crystal
densities according the following equation using av coefficient of volume expansion from the
nitramine HMX (ay = 1.6-107* K!'))

p2osk = p1/(1+ 0w(298-T))

or were obtained by gas pycnometer measurement.

6.13 Burning Behavior

Combustion test of lithium (4), sodium (5), potassium (6), calcium (7), strontium (8) and

K
-
-

[1] Xue, C.; Sun, J.; Kang, B.; Liu, Y.; Liu, X.; Song, G.; Xue, Q. Propellants,
Explos., Pyrotech. 2010, 35, 333-338.

barium (9) salts.

6.14 Reference
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7 Supporting Information to Aquatic Toxicity
Measurements

7.1 Light Emitting Pathway

In the system three enzymatic complexes are involved: the Flavin Reductase (FMN
Reductase), the Luciferase and the Fatty Acid Reductase. In the first step flavin mononucleotide
(FMN) is reacted to its reduced form (FMNH>) catalyzed by the FMN Reductase. The reduced
flavin molecule is able to bind to the Luciferase and in combination with an aliphatic aldehyde
and under consumption of oxygen the peroxihemiacetal complex L--FMNH-O-O-CHOH-R is
formed (Figure A7.1)."

NADH-+H* NAD*
N A

FMN Reductase
7~ ~
FMN | yciferase FMNH,

L--FMNH,
NADP \
L—FMN +AMP
L--FMNH-O-O-H
FAS R-CHO

f

L--FMNH-O-O-CHOH-R

R-COOH
L--FMNH-OH
NADPH

+ATP (L—FMNH-O-H)*
CIEEL

AMP = Adenosine Monophosphate

ATP = Adenosine Triphosphate

CIEEL = Chemically Induced Electron
Exchange Luminescence

FMN = Flavin Mononucleotide

FAS =Fatty Acid Reductase

NADP = Nicotinamide Adenine
Dinucleotide Phosphate

Figure A7.1 Schematic overview of the biochemical light emitting pathway of the
bioluminescent bacteria Vibrio fischeri and Photobacterium.

In the following step aliphatic acid is released and a singlet excited hydroxide complex (L--
FMNH-OH)* is generated which directly reacts to the hydroxide complex L--FMNHOH in the
ground state under liberation of light in a chemically initiated electron exchange luminescence
(CIEEL) mechanism (Figure A7.2).) The emitted light with a wavelength of 490 nm can be

observed and measured by a photomultiplier.
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Figure A7.2 Schematic overview of the chemically initiated electron exchange luminescence

(CIEEL) mechanism.

7.2 Calculation

The correction factor (fK) is calculated with the following equation (1)

k=", ()

where /; is the luminescence of the control at a specific time and [y is the luminescence of the

control at the beginning. The corrected luminescence /. is obtained by multiplying /o of all

concentrations with fK (2)

Iee = fK x Iy ()
And the inhibition is calculated as follows:
inhibition (o) = (et =1 * 100/, 3)
C

For calculating the ECsy value of a substance /" was plotted against the concentration ¢ in a

diagram with a logarithmic scale:

_ inhibition (%)
r= /100 - inhibition (%) “)

The toxicity data with the inhibition were used to fit a straight line and therefore to calculate

the ECso value. The ECso value is identical with the point where the line crosses the X-axis at

I'=1.
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When the inhibition of a compound did not reach the 10% limit, the ECs reported ">>" for the

highest measured.

Inhibition [%]
log(gamma)

0 1 2 3 ‘ 5 6 ’ s s 10
Concentration [g L]

log(conc.)

Figure A7.3 Concentration against Inhibition plot of ammonium dinitramide (left) and plot of
the logarithmic concentration against the logarithm of gamma of ammonium dinitramide (right).

As ECso values are point estimates it is important to clarify, that the concentration directly

interferes with the inhibition and can vary in an order of magnitude in other concentrations. To

show the dose specific response some graphs of 30 minutes incubation time are provided:
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Figure A7.4 Diagram of the inhibition of some common energetic salts and RDX (left) and of

some common energetic salts (right).
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Figure A7.5 Diagram of the inhibition of energetic materials with tetrazole scaffold (left) and of

ammonium salts of bitetrazoles and MAD-X1 (right).

20a
50
21a

= =
£ g
£ H
2 % 17a s
5 a
g - . z
= 20 19a =

o 02 o4 06 12 14 16 18

08 1
Concentration [g L]

? 42 46,

o 2 s 6 10 2 1 16 18

s
Concentration [g L]

Figure A7.6 Diagram of the inhibition of ammonium salts of fused heterocycles (left) and of

some some aliphatic energetic materials (right).
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To point out the importance of the slope of the dose response curve ECyp and ECgo values of
prominent energetic materials after 30 minutes of incubation are presented in Table A7.1. e. g.
some secondary explosives revealed ECsy values in comparable ranges, such as TKX-50
(ECs0=0.58 g L"), MAD-X1 (ECso=0.19 gL™") and RDX (ECsp=0.24 g L"), but especially
the ECso values drift further apart.

Table A7.1 EC20 and ECso values of some energetic materials after 30 minutes of incubation.

Compound EC2z (30 min) ECso (30 min) Compound EC2 (30 min) ECs (30 min)

g L™ g L™ g L] g L™

NaNj; 0.05 0.66 NHsN(NO>)» 1.16 17.44
NalOg4 0.21 1.99 RDX 0.06 1.02
KIO4 0.28 1.63 3a (DBX-1 Precursor) 0.66 28.59
NH;OHCI 0.02 291 8a (TKX-50) 0.05 5.59
NH4N; 0.04 0.58 13a (MAD-X1) 0.02 1.81
NH4NO3 1.76 25.66 43 (2,2,2-trinitroethanol) 0.06 0.74
NH4ClO4 2.84 43.71 46 (Azidoethanol) 3.49 20.98
NH4IO4 0.20 1.15 47 (Monomethylhydrazine) 1.34 26.01
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