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1.1 Introduction

More than a century after their discovery organic azides have received renewed interest
in synthetic chemistry and are becoming established as an important and versatile class
of chemical compounds.'™ In particular, in the past two decades an increasing interest in
organic azides could be observed due to their vast synthetic utility in conjunction with
their easy accessibility via various synthetic routes. Among others, organic azides are
currently considered as powerful precursors for reactive species such as nitrenes and
nitrenium ions as well as nitrogen-rich compounds such as aziridines, azirines, triazoles,
triazolines and triazenes. Moreover, organic azides can be easily transformed into amines,
isocyanates and other functional molecules and have more recently received an increasing
interest as valuable and versatile reagents within the concept of ‘Click Chemistry’.*”
However, alongside their huge utility in organic synthesis the potential hazardous
properties of organic azides must be also carefully taken into account. Organic and inor-
ganic azides are first and foremost energy-rich molecules which often exhibit explosive
properties. The azido group is a highly energetic functional group. The N; 7-bond can be
easily polarized which consequently results in strong exothermic dissociation reactions
under release of molecular nitrogen and reactive nitrene groups. In general, the introduc-
tion of an azido group into an organic compound increases its energy content by approx.
290-355kJ/mol.” This is one of the reasons why organic azides are considered and partly
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4 Organic Azides: Syntheses and Applications

used as energetic materials such as energetic polymers or high-energy-density-materials
(HEDM) in explosives or propellant formulations.®* However, many organic compounds
containing azido groups have not found wide application as practical energetic materials
because of their high sensitivity to heat and shock stimuli. This poor thermal and mechani-
cal stability of many organic azides is probably the most crucial property that has pre-
vented chemists in the past from extending their research on azido compounds.

Therefore, in times of increasing worldwide interest in organic azides, it is of utmost
importance that their hazardous potential (arising from their energetic and/or toxic proper-
ties) and the corresponding safety issues are adequately emphasized. Here, we report on
safety precautions and practical measures for the safe handling of azides at laboratory
scale. Analytical techniques and other test methods are described that allow characterizing
the hazardous potential of organic azides qualitatively and quantitatively at an early stage
of small-scale preparation.

1.2 Properties that Impose Restrictions on Lab-scale Handling of Azides

1.2.1 Hydrazoic Acid and Its Metal Salts

Hydrazoic acid, HNj3, and its salts are very poisonous compounds with a toxicity compa-
rable to hydrogen cyanide. Pure hydrazoic acid is a colorless strong-smelling liquid that
tends to spontaneous explosion. Because of its high vapour pressure (b.p. 36 °C) lab-scale
handling of HNj is conducted either in water solution or by diluting the acid in organic
solvents.

Metal salts of hydrazoic acid from lead, silver, mercury, copper and other heavy metals
are very sensitive to mechanical stimulus and explode easily. Heating of these metal
azides causes strong explosions. Table 1.1 summarizes some deflagration temperatures
of well-known metal azides that decompose explosively when small samples embedded
within a metal sleeve are dipped into a hot Wood metal bath.'® Although these tempera-
tures are relatively high other new metal azide complexes might explode at much lower
temperatures.

All heavy metal azides run very quickly into detonation. This specific property has
established the use of silver azide and lead azide as primary explosives in detonators.

Remarkably more stable in terms of safe handling are lithium and sodium azide which
can be more reliably used in the laboratory since they are hard to initiate explosion by
impact or friction. For most laboratory conditions, alkali metal azides are not considered
as explosives.'" However, if ignited or when exposed to strong heat, alkali metal azides
decompose rapidly with the evolution of large volumes of nitrogen gas.

Table 1.1 Deflagration temperatures of selected metal azides

Metal azide Deflagration temperature
Silver azide 297°C
Lead azide 327°C
Mercury azide 281°C

Cadmium azide 291°C
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In general, metal azides show an increase in mechanical sensitivity when going from
earth alkali metal azides to heavy metal azides which are highly sensitive and explosive.
The impact sensitivity of metal azides decreases in the following order:'"

Copper > Lead, Mercury > Nickel > Cobalt > Manganese > Barium > Strontium >
Calcium > Silver > Thallium > Zinc > Lithium = no explosion

However, this sequence of impact sensitivities represents only one type of mechanical
stability. In case of friction sensitivity (see Section 1.4.2) this order changes. For example,
silver azide is approx. 10 times more friction-sensitive than lead azide."

1.2.2 Organic Azides

Organic azides are considered as explosives whenever the azido content is remarkably
high. Of course, there is no sharp threshold at which the explosive hazard starts. However,
as a rule of thumb violent decomposition reactions are expected for azido compounds
having a (C + O)/N ratio of <3."

Organic compounds with high azido content are very sensitive to friction and impact,
causing strong explosions. For example, cyanuric azide is very sensitive against mechani-
cal stimulus and thus decomposes very easily by detonation. Although the initiation power
of this detonation exceeds that of classical primary explosives no technical application
has been found so far for this compound due to its high vapour pressure.

Organic azides also show remarkable lower ignition temperatures in comparison to
inorganic metal azides. Most of the organic azides decompose at approx. 180°C.

Some organic azides also show light sensitivity'> and strong incompatibility with
certain chemicals. Several examples have been published where azides exploded when
they were brought in contact with sulfuric acid or other compounds.'*'®

1.3 Laboratory Safety Instructions for the Small-scale Synthesis
of Azido Compounds

Scientific papers publishing the syntheses of azido compounds usually include in the
experimental section certain safety instructions and hints of adequate protection. However,
rarely specific instructions for enhancing the safety or detailed methods for protection
measures are given.

In general, azido compounds have to be considered and handled as explosive materials.
An additional hazard might be caused by their toxicity. In the following the most relevant
safety instructions and measures are summarized for the synthesis and handling of azido
compounds in the lab:

* Separate the experimental setup with proper shielding and an additional safety screen
in the fume hood. Keep the screen of the fume hood always closed during critical
operations like heating, distilling and vigorous stirring.

e Safety screens should be made from laminated glass with one ore more layers of plastic
film embedded between the glass layers. In case of an explosion the broken pieces of
glass should remain sticking to the plastic interlayers and not shoot through the
laboratory.
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Cover the glassware with adhesive films to reduce the fragmentation in case of explo-
sions, as it is usually done on rotary evaporators and desiccators.

In addition to the usual protection outfit (lab coat, gloves, safety glasses) wear a face pro-
tection shield, ear protection, a leather jacket or a bullet proof vest with arm protection.
For hand protection use leather gloves (welding type), ideally in combination with steel
interwoven Kevlar® gloves! (Klapotke et al. have recently published a systematic
investigation on the stability of protective gloves against explosion impact. They have
found that none of the tested protective gloves could withstand all different kinds of
explosion impacts. For example, leather gloves showed best protection against small
glass fragments whereas steel interwoven Kevlar® gloves protected well against larger
glass splinters.")

Start the first experiments on a small scale of only a few mg to allow determination of
first sensitivity data. Increase the scale only when the scale-up is in accordance with
the sensitivity data obtained.

Keep hazardous azides in solution as long as possible. Solvents desensitize explosives
by reducing the sensitivity to mechanical stress.

Keep solid material wet or soaked with solvent as long as possible. In mixture with
liquids explosives are normally desensitized (phlegmatized). Favoured solvents for this
purpose are nonflammable solvents like water or halogenated hydrocarbons. Only
highly sensitive compounds like primary explosives can detonate without obvious
reason even when they are stored under water. It is supposed that these unexpected
explosions are caused by internal stress of larger crystals leading to crystal cracks.
Try to obtain solid products of small particle sizes. Smaller particles/crystals are less
sensitive to mechanical stress than larger ones. Only very small particles of <10um
sometimes show enhanced mechanical sensitivity. Recrystallization experiments should
thus be cooled down very quickly under stirring.

All experiments containing azide compounds that are set up under vacuum should not
be vented at elevated temperature. The vent should be remote controlled.

Do not use metal spatulas because they transfer stronger mechanical stress to the mate-
rial than spatulas made of wood or Teflon®.

Keep sufficient distance between the azide material and your body. Do not touch the
potential explosive material directly and use, whenever it is possible, gripping devices to
manoeuvre the container that encloses the azide compound. Figure 1.1 shows examples
of suitable gripping tools. The peak pressure for the explosion decreases at the rate of 1/R
for large distances from the explosion centre (R is the safety distance from the charge).
However, when the distance is close to the explosion center, the rate of decrease is
between 1/R and 1/R*. Consequently, in this case the safety distance is a more critical
parameter since every small additional distance to the charge will drop the pressure
significantly.”

Sensitive explosive azides can be also easily ignited by electrostatic discharge (ESD).
Therefore, wear ESD protective clothing (or at least cotton clothes) and antistatic shoes.
The laboratory floor should be ESD conductive or there should be at least static dissipa-
tive mats (ESD mats) installed in front of the fume hood where the azides will be
synthesized and handled.

Apart from all mentioned energetic hazards, the synthetically working chemist must
also keep in mind the toxic nature of azides!
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Figure 1.1 Examples for gripping devices

1.4 Analyzing Safety-related Properties of Azides

Because of the described hazardous potential of organic azides the analysis of their safety-
related properties is of utmost importance to ensure safe synthesis and subsequent pro-
cessing. Unfortunately, in literature only very few data can be found describing thermal
properties of organic azides. Data on impact, friction or ESD sensitivity are also mostly
not available as well as any reliable information on (long-term) stability and energy
content. One of the reasons for these missing data might be that most scientific reports
on organic azides are provided by research groups focusing on the preparation and sub-
sequent conversion of organic azides. One can assume that the specific analytical tech-
niques that are required to measure all relevant safety-related properties are not fully
available in these synthesis labs.

Therefore, in the following we describe the most important and relevant analytical
methods and characterization techniques that are required to evaluate the hazardous
potential of organic azides qualitatively and quantitatively. From our experience, it is
essential to conduct sensitivity tests, thermoanalytical measurements and stability tests of
energy-rich compounds at an early stage of every small-scale preparation. Naturally, such
safety analysis is mandatory for the synthesis of new organic azides to decide whether
the scale of synthesis can be enlarged and subsequent processing of this new compound
is possible in a safe manner. Moreover, we strongly recommend conducting permanent
safety analyses also for such energy-rich azides whose syntheses have already been
established in the labs. Slight differences in the experimental procedure might result in
products of different heat/shock sensitivity and stability, for example due to different
particle sizes and crystal morphologies. Consequently, sensitivity and stability data of an
energetic azide must be strictly rechecked after each synthesis campaign.

1.4.1 Impact Sensitivity Testing

The impact sensitivity of energetic compounds is tested with a so-called fall hammer
equipment. Samples are exposed to the impact of falling weights from variable heights
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and the measured sensitivity parameter is the height at which the samples decompose or
explode. There are different types of fall hammer systems and corresponding test proce-
dures in operation all over the world.*'* The main difference between them is in the design
of the sample holders or sample confinements. Other differences are the amount of samples
that are used for the tests, the type of drop weight and the number of recorded decomposi-
tions/explosions that have to occur at a certain height to produce a positive result. Unfor-
tunately, the different test procedures define positive results not in the same way. Some
tests describe positive impact sensitivity by the height where at least one of the six (or
sometimes ten) samples could be initiated; other tests determine the height where 50% of
at least 20 samples are initiated. As a consequence, results from different fall hammer
systems might deliver different results. Moreover, for new upcoming energetic materials
sometimes different impact sensitivity values are reported although tests were conducted
by using the same type of fall hammer but were operated by different laboratories. These
varying sensitivity data might be either caused by different sample qualities (purity, par-
ticle size, crystal density, liquids with/without gas bubbles that act as ‘hot spots’, etc.?**%)
or by different operators of the test system. In case of strong explosions initiation can be
easily recognized, but sometimes the decomposition of the sample starts with weak smoul-
dering, which is hard to notice for the operator of the fall hammer system. Consequently,
to obtain a more reproducible detection level for positive responds some laboratories use
microphones to measure the explosion bang during impact sensitivity tests.”*?" =

In literature, there are several attempts described to predict and calculate the impact
sensitivity of energetic materials.”®*'=* Most of these papers deal only with nitro- and
nitrate ester compounds, whereas the impact sensitivity of azides has not been the subject
of detailed calculations so far, apart from recently published structure-sensitivity correla-
tions on inorganic azides.*

Figure 1.2 shows the set-up of the fall hammer equipment as it has been defined by the
German Federal Institute for Materials Research and Testing (BAM).* There are two ver-
sions of different sizes in operation. The small fall hammer is for testing sensitive explosives
such as primary explosives and is operated with weights up to 1 kg. The large hammer is used
for more insensitive explosives that can be impacted by hammer weights of 1.5 and 10kg.
The test sample has a volume of 40 mm® and it is placed between two steel cylinders that are
fixed by a steel ring (Figure 1.2). The cylinders have a diameter and a height of 10 mm and
are made from ground and hardened steel. The reported impact sensitivity value is the fall
energy, given in Nm, at which at least one sample from a series of six has been initiated.

In Table 1.2 impact sensitivity values of different azido compounds according to the
BAM fall hammer procedure are listed and compared with the corresponding values of
the well-known explosives trinitrotoluene (TNT) and nitroglycerine. For the BAM pro-
cedure it is necessary to have at least one positive event within a series of six trials
(probability of at least 16.7%). In the case of the US drop hammer tests (according to the
Bruceton procedure) the required probability level is often 50% initiation within a series
of at least 25 trials.

Therefore, the impact sensitivity of an energetic compound is not a strictly fixed abso-
lute value like its melting point but is subject to certain fluctuations depending on the
sample characteristics, the test equipment and testing procedure as well as the operator.
However, impact sensitivity values provide clear safety information and can be used in
practice in particular as a comparative method.
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Figure 1.2 BAM fall hammer set-up (left) and corresponding sample holder (right)

Table 1.2 Impact sensitivity values of selected azide compounds compared with

trinitrotoluene and nitroglycerine

Explosive Fall hammer Fall height / m Impact sensitivity
weight / kg (BAM procedure) / Nm
Lead azide® 5 0.15 7.5
Trinitrotoluene?* 5 0.30 15
Nitroglycerine* 0.1 0.20 0.2
P 5 0.1 5
Ns\/LO/\/OT(\NE
C
N, 0.1 0.2 0.2
S
Q
N; T
O

1.4.2 Friction Sensitivity Testing

For measuring and testing the friction sensitivity, samples of energetic compounds are
exposed to friction forces that are generated by different setups and methods.”***' In the
ABL (Allegheny Ballistics Laboratory) Sliding Friction Test the sample is pressed by a
steel roll with an adjustable force on an anvil which is accelerated by the impact of a
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pendulum. The measurement of the compressive force is done when from 20 samples
50% are initiated. In another setup developed by the Bureau of Mines, a pendulum with
different shoes (steel or fibre reinforced plastic) grazes over the sample (7 g) that is spread
on an anvil with three grooves. This test is passed when 20 trials are not giving any
initiation.

In the Roto-Friction Test developed at the American Naval Surface Warfare Center a
friction rod is rotating on the sample that is placed into a recess bored sample holder. The
normal force weights that press the friction rod on the sample can be varied and torque
measurement equipment records the force transmitted through the sample to the sample
holder. The friction energy value is calculated from the measured torque and from the
exposure time that the sample is stimulated by rotating friction till any decomposition or
explosion occurs.

The friction test setup defined by the German Federal Institute for Materials Research
and Testing (BAM) measures the sensitivity of samples that are exposed to a friction
stimulus generated between two roughened porcelain surfaces.* 50 mg of a sample resting
on a porcelain plate is stimulated by a porcelain pin with adjustable down-pressing
force. For stimulation, the sample table is driven by a motor horizontally forwards and
backwards for one full cycle of reciprocating motion. Figure 1.3 shows the setup of the
BAM friction test.

There are two versions of the friction test apparatus in operation, a standard size appa-
ratus and a small size version. The small device is particularly designed to test sensitive
materials such as primary explosives. It can be operated with different weights on the
porcelain bolt holder allowing loads in the range of 0.1 to 10 N. On the standard BAM
friction test apparatus higher forces on the pin varying from 5 to 360 N can be applied.

The results obtained by the BAM friction test refer to the smallest load on the pin under
which deflagration, crackling or explosion of the sample is observed, at least once in six
consecutive trials. Other test procedures provide friction energy values on the basis of a
50% initiation probability. Therefore, absolute friction sensitivity values that are mea-
sured might be subject to certain fluctuations depending on the specific properties of a
sample (e.g. purity, particle size, etc.) and the test equipment used. Nevertheless, friction
sensitivity measurements provide useful safety information and allow direct comparison
with other sensitive or less sensitive materials, and are thus of the same importance as
impact sensitivity data.

Parcelain Bolt

Sample
Pomelai$‘¢

Figure 1.3 BAM friction test apparatus (left) and scheme of the measuring principle (right)
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Table 1.3 Friction sensitivity values of selected azide compounds compared with TNT
and nitroglycerine

Explosive Friction sensitivity (BAM procedure) / N
Lead azide* 0.1
TNT* . up to 360 no reaction
Nitroglycerine up to 360 no reaction
0 128

Ns\)Lo/\/O N,
L

N 84
Q
N; T
Q

In Table 1.3 exemplary friction sensitivity values of azido compounds according to the
BAM procedure are listed and compared with the corresponding values of TNT and
nitroglycerine. A comparison with the sensitivity values listed in Table 1.3 points out that
the sensitivity to friction and impact of a specific energetic compound might differ
significantly.

1.4.3 ESD Testing

In electrostatic discharge (ESD) tests, the amount of energy that is required to ignite
explosives by electrostatic stimuli is determined. Most explosives have low electrical
conductivity. Therefore, the potential of the electrostatic pulse has to be high to gener-
ate a sparkover. Figure 1.4 illustrates the principle setup of an ESD testing device.

High Voltage
Power Supply

Electrode

S \
Grounded Baseplate ~ #

Figure 1.4 Schematic setup of an ESD testing apparatus
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First, a capacitor is charged up to a high voltage level followed by the release of the
electric energy via a discharge pole through the sample which is placed on an earthed
plate or pole. Samples are tested by varying the intensity of the released electrostatic
discharge. A positive result is defined whenever a flash, spark, burn, or specific noise
is detected.

There are different ESD test systems and procedures in worldwide operation.
Main differences are in the design of the sample holder, the size and shape of the discharge
electrode, the voltage level before discharge and the number of experiments that are
required to define a positive or negative ESD test result. Consequently, different ESD
sensitivity values can be found in literature for the same energetic compound. Besides
the influence of different ESD test apparatus the actual constitution of a sample has mostly
a more significant impact on its ESD sensitivity. For example, it is well known that dif-
ferences in particle size, grain shape, temperature and moisture content provide different
ESD sensitivity values.'>*34>4

In Table 1.4 exemplary ESD test results are listed that are reported for different ener-
getic materials including inorganic azides (no comparable data are available for organic
azides). It can be clearly seen that different test setups give different sensitivity values
for the same material. Tremendous differences arise when samples of different particle
size are tested. As expected, smaller particles are more sensitive to electrostatic ignition
than larger ones. Another parameter that influences the ESD test result is the confinement
of the sample. Fine powders are more sensitive to electrostatic ignition in the unconfined
state and coarse material gets more sensitive if it is exposed to the electrostatic discharge
in the confined state.

These partly huge fluctuations in ESD sensitivity of energetic compounds arising from
different sample constitutions should sensitize every person practically working with
energetic compounds like organic azides in the lab. One person can store up to 100mJ
by wearing insulating shoe soles in a dry environment. The maximum electrostatic dis-
charge energy in a spark is up to 20mJ and is thus high enough to initiate sensitive
materials.™

22-23,42-44

Table 1.4 Exemplary ESD test results for some azide compounds and other
energetic materials

Sample 50% ignition probability ~ Zero ignition probability at 5000 volts /
at varied voltage / m) mJ (according to*)
(according to®)

Unconfined sample  Confined sample

Lead azide 0.06 7 7

Lead azide/dextrin 23 /112 n.a. n.a.

Lead azide/dextrin 23 n.a. n.a.

Sodium azide >79,433 n.a. n.a.

TNT 22,387 62 />11,000" 4,380 / 4,680°
PETN 2,630 62 />11,OOOh 210

Black powder 2,692 / 4,074° >12,500 800

2two different ESD test devices;
"different particle sizes; n.a.: not available.
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1.4.4 Thermoanalytical Measurements

In addition to measuring the mechanical and electrical sensitivity of energetic compounds
it is essential to also analyze their thermal and caloric properites thoroughly. In particular,
the data on the thermally induced decomposition behavior are required to evaluate the
hazardous potential of energy-rich compounds such as organic azides.

In thermal analysis, physical parameters like mass, heat flow, heat capacity and enthalpy
are measured as a function of temperature and time, while the sample is subjected to a
controlled temperature programme (which in most cases is the application of linear
heating rates or isothermal conditions).”™ The two most common thermoanalytical
techniques to investigate thermal and caloric properites of energy-rich compounds are
Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA).

Differential Scanning Calorimetry (DSC) is a technique for measuring the energy
necessary to establish a nearly zero temperature difference between a sample and an inert
reference material, as the two specimens are subjected to identical temperature regimes
in an environment heated or cooled at a controlled rate. Two different types of DSC
instruments are known: power-compensation DSC and heat-flux DSC.>* In power-
compensation DSC the temperatures of the sample and reference are controlled indepen-
dently using separate, identical furnaces. Both, sample and reference are kept at an
identical temperature by varying the power input to the two furnaces; the energy required
to do this is a measure of the enthalpy or heat capacity changes in the sample relative to
the reference.

Today, heat-flux DSC is more commonly used. Here, sample and reference are con-
nected by a low-resistance heat-flow path which is mostly a metal disc. This assembly is
enclosed into a single furnace. Enthalpy or heat capacity changes in the sample cause a
difference in its temperature relative to the reference. The temperature difference and thus
the resulting heat flow are recorded and related to enthalpy changes in the sample. Figure
1.5 shows a schematic cross-section of a typical heat-flux DSC cell. The sample (up to

]
Sample cruscible — T % — Reference cruscible

. [ormger]
/— e e
DSC chamber

]
/ ‘\ — Constantan disk

Chromel disk Chromel disk
k4

-

Heating block (silver) ~

Inlet purging gas \ C ’_-) /7 Cover (silver)
[ <
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O

Tf;:lh )
—— Chromel wires
Alumel wires

Figure 1.5 Schematic setup of a heat-flux DSC cell (DSC 2920, TA Instruments Inc.)
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several mg) is placed in a small cruscible (for example, an alminum pan). In most cases
an empty cruscible is used as reference sample. The entire DSC cell can be permanently
purged by inert or reactive gases. In case of analyzing energetic materials, argon or nitro-
gen gas is usually used to remove volatile substances and decomposition gases during the
measurement. In case of azido compounds the use of argon is recommended since nitro-
gen is also one of the decomposition products. Samples that are expected to exhibit strong
exothermic decomposition are usually analyzed in non-hermetically sealed cruscibles to
avoid uncontrolled pressure built-up and allow decomposition gases to be released (in
most cases aluminum pans with pierced lids are employed). Moreover, small sample sizes
of partly <1.0mg are used and only slow heating rates up to 5.0 K/min are applied to
avoid uncontrolled decomposition.*

In general, DSC measurements allow the recording of all types of chemical and physi-
cal transformations of a sample that involve exothermic and endothermic processes or
changes in heat capacity.® In particular, exothermic decomposition reactions as well
as endothermic phase transitions (melting, boiling, sublimation, solid-solid phase transi-
tion between different crystal morphologies, and glass transition of polymers) are the
most relevant processes which are considered in energetic materials analysis. DSC mea-
surements provide both, the characteristic temperature values of all endothermic and
exothermic processes (onset temperature, peak temperature) and the corresponding
enthalpies.

As an example, Figure 1.6 shows the DSC measurement of triphenylmethyl azide (trityl
azide) applying a linear heating rate of only 1.0K/min (sample size: 3.35mg, Argon
atmosphere, Al pan with pierced lid). Endothermic processes are displayed by negative

0.4
198.0°C

0.2

59.8°C
ool 66Jg | "~ 167.9°C
~ J18.8 ky/imol) 612.5 Jig

(174.6 kJ/mol)

-0.21

Heat flow (W/g)

-0.4

—0.6
60.4°C
-0.8 &+ o~ g1 o~ 1 o~ 1 v~ o~ 1+ — 1 ‘*+ r T [ T T T [ T T T
0 50 100 150 200 250 300 350 400
Exo up Temperature (°C) Universal V3.4C TA instruments

Figure 1.6 DSC measurement of triphenylmethyl azide (1.0K/min, 3.35mg, open Al pan)
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heat flow values, whereas exothermic processes show a positive heat flow. Three main
processes can be identified in the DSC graph of trityl azide. First, a sharp endothermic
melting peak occurs at a calculated onset temperature of 59.8°C (peak maximum at
60.4 °C). The melting enthalpy, calculated from the integral of the melting peak, is approx.
18.8kJ/mol (661J/g). Further heating of trityl azide leads to its exothermic decomposition
starting at approx. 150°C. However, the calculated onset temperature of the decomposi-
tion is 168 °C and the peak maximum temperature is 198 °C. The decomposition enthalpy
under the chosen experimental conditions is 174.6kJ/mol (612.5]/g), which is already
remarkable but not hazardous. Finally, after completion of the exothermic decomposition,
a huge endothermic process can be observed, which can be assigned to the slow sublima-
tion of decomposition products.

Besides temperature and enthalpy values DSC measurements provide additional safety-
related information on the strength and intensity of decomposition reactions. In particular
the steepness and width of the exothermic decomposition peaks are qualitative indicators
for reactivity and thus vehemency of the thermally induced decomposition reaction. As
an example, Figure 1.7 shows the DSC curve of 2,5,8-triazido-s-heptazine (TAH),”*® a
nitrogen-rich energetic compound, recorded at a linear heating rate of 5.0 K/min (argon
atmosphere, Al pan with pierced lid). A sample mass of only 0.71 mg was used to detect
the strongly exothermic decomposition at a calculated onset temperature of 190°C. The
steep and relatively narrow exothermicity indicates a more vehement decomposition in

4
] 202.13°C
3 ' NS
/:N
S 21
52 >\N /}Ne,
5
2 N
T 17 K
0 -\—’_\/
: 189.99°C
895.5J/g (265 kJ/mol)
—1 T

0 50 100 150 200 250 300 350 400
Exo Up Temperature (°C) Universal V4.2E TA instruments

Figure 1.7 DSC measurement of 2,5,8-triazido-s-heptazine (TAH) (5.0K/min, 0.71mg,
open Al pan)
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comparison to the previous example by releasing 265kJ/mol under the chosen experi-
mental conditions.

Almost threefold the amount of heat is released by a sample of triazido pentaerythrite
acetate (TAP-Ac”~®), confined in a hermetically sealed aluminum pan; its DSC measure-
ment is shown in Figure 1.8. A small sample of only 0.35mg was analyzed applying a
linear heating rate of 5.0 K/min. The DSC graph shows no phase transition or any other
transformation of TAP-Ac until decomposition starts at approx. 190 °C (calculated onset
temperature: 222 °C). A steep increase in heat flow combined with a narrow exothermic
peak is a clear indication for a violent and rapid decomposition of TAP-Ac. In fact, a
high decomposition enthalpy of approx. 730kJ/mol was measured under the chosen
experimental conditions.

TAP-Ac is a good example to emphasize the importance of thoroughly analyzing the
hazardous potential of energy-rich compounds. In spite of its three azido groups TAP-Ac
shows a surprisingly high stability over a wide temperature range in DSC experiments.
This makes one believe that TAP-Ac is a thermally stable and thus nonhazardous compound
under ambient conditions. However, in huge contrast to its thermal robustness fall hammer
tests of TAP-Ac have revealed its high impact sensitivity of only 0.2 Nm (see Table 1.2).

In many laboratories DSC measurements of energetic materials are complemented by
Thermogravimetric Analysis (TGA). In TGA experiments the sample mass is recorded
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Figure 1.8 DSC measurement of triazido pentaerythrite acetate (TAP-Ac) (5.0K/min,
0.35mg, sealed Al pan)
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as a function of temperature and time while the sample is subjected to a linear heating
rate or an isothermal treatment.”' The samples (up to severalmg) are filled into an open
cruscible made of platinum or alumina which is attached to the arm of a recording
microbalance, the so-called thermobalance. The sample is heated in a temperature-
controlled furnace according to a pre-programmed temperature/time profile. During the
experiment both the furnace and the thermobalance are purged independently with inert
gas (usually argon or nitrogen). Figure 1.9 shows schematically a typical setup of a TGA
furnace.

Since the mass changes of a sample are recorded in TGA experiments, the method is
predominantly used to investigate the thermal decomposition behavior of compounds. It
typically provides information on the decomposition onset temperature and the mass loss
that occurs during the decomposition reaction. TAP-Ac, for example, degrades completely
during its strongly exothermic decomposition forming only gaseous products within one
total mass loss step. However, other energetic azides degrade stepwise.”” For example,
Figure 1.10 shows the DSC and TGA data of 1,3,5,7-tetrakis(4-azidophenyl)adamantane,
a recently synthesized compound.®® The organic azide decomposes stepwise during slow
heating at 5.0 K/min. However, the main exothermicity of the thermal decomposition (as
measured by DSC) is related only to the first mass loss step of 18.59% which corresponds
well with the release of four equivalents of molecular nitrogen.

This example also shows that the combined use of different thermoanalytical methods
allows a more detailed analysis of decomposition processes. Moreover, whenever DSC
and TGA are combined with Evolved Gas Analysis (EGA) — which allows an in-situ

Purging gas
from balance chamber

Thermocouple Furnace

Attachment for
cruscible

/— Sample cruscible

Furnace ceramics

Purging gas
(furnace)

—

Figure 1.9 Schematic setup of a TGA cell (TGA 2950, TA Instruments Inc.)
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Figure 1.10 DSC and TCA measurement of 1,3,5,7-tetrakis(4-azidophenyl)adamantane
(DSC: 5.0K/min, 1.05mg, open Al pan; TGA: 5.0K/min, 0.89mg, Pt pan)

detection of gaseous decomposition products by infrared spectroscopy or mass spectro-
metry — chemical pathways and mechanisms of thermal decomposition can be revealed.’"®!
As an example, Figure 1.11 shows the infrared spectroscopic detection of decomposition
gases during the linear heating of 4.0mg TAP-Ac at 5.0 K/min. The EGA waterfall-plot
illustrates the temperature-resolved release of carbon dioxide (characteristic infrared
absorption bands at 2360cm™, 2322cm™, and 700 cm™"), water (broad absorption centered
at 3750cm™ and 1600cm™) and methyl acetate (2964cm™, 1778cm™, 1450cm™,
1375cm™, 1247cm™, and 1050cm™) as well as the formation of traces of ammonia
(double band at 965 and 931cm™) in subsequent gas phase reactions (Note: molecular
nitrogen is also a main decomposition product of TAP-Ac that, however, cannot be
detected by infrared spectroscopy but by mass spectrometry in coupled TGA-MS setups.)
From the individual gas evolution profiles kinetic data can be derived as they can be also
obtained from DSC and TGA experiments conducted under different heating rates.

In conclusion, thermoanalytical methods are powerful tools to determine safety-related
thermal properties of azides. Whenever possible, we strongly recommend performing
DSC measurements of potentially energetic azides as soon as a few milligrams of sub-
stance are available. The combination of DSC data on decomposition temperature and
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Figure 1.11 Infrared spectroscopic Evolved Gas Analysis of triazido pentaerythrite acetate
(TAP-Ac) (5.0K/min, 4.0mg, open Al pan)

enthalphy with data on mechanical and electrical sensitivity will provide a first safety
evaluation on the basis of small sample sizes.

1.4.5 Calorimetric and Gravimetric Stability Tests

So far, analytical methods and characterization techniques have been described which
provide relatively fast information on the shock, temperature and heat sensitivity of ener-
getic compounds. However, besides the short-term sensitivity to temperature and heat as
measured by thermoanalytical techniques, also the mid- and long-term sensitivity and
stability of energetic compounds must be considered. In particular, stability becomes an
important safety issue whenever energetic compounds like azides are stored in larger
quantities for further processing.

Therefore, gravimetric and different calorimetric methods have been established to
investigate stability and aging behavior of energetic compounds.>* Here, mass loss tests
and the analysis by adiabatic and isothermal heat flow calorimetry are briefly described.

Mass loss tests of solid energetic materials are carried out under isothermal conditions
in precise temperature controlled furnaces. Usually, samples of 1-2 g are stored in special,
open sample tubes at 75 °C or 90°C for at least 18 days. During this period the sample
mass is constantly recorded. A mass loss of >3% after 18 days at 90°C is usually an
indicator for restrictions in long-term stability. However, stability standards are only
specified for specific energetic materials and compositions. For example, stable nitrocel-
lulose-based propellants have to exhibit a mass loss of <2% after 18 days storage at
90°C.* Mass loss data of energetic azides have been only rarely published so far. Only
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Figure 1.12 Setup of an accelerating rate calorimeter (Thermal Hazard Technology, GB)

few data are available for azido polymers which are used as binders or plastizisers in
propellant formulations.®

Other techniques to investigate the thermal stability of energetic materials are employing
calorimetric methods. For example, adiabatic self-heating of samples is measured by Accel-
erating Rate Calorimetry (ARC).***-% In ARC experiments a sample is placed in a spheri-
cal metal cell of 10cm? volume which may hold several grams. The sample cell is mounted
in the center of a well-isolated furnace whose temperature is precisely adjusted and con-
trolled. Figure 1.12 shows a typical ARC setup. Pressure within the cell can be monitored
during the measurement via a direct connection to an external pressure sensor (pressure
range: 1-200 bar). Adiabatic conditions are realized by adjusting the furnace temperature
to the temperature of the sample. This allows an active control of potential heat losses.

The ARC system is often operated in a stepwise ‘heat-wait-search’” modus. After
heating to a certain temperature, the system is stabilized for a pre-defined time until the
calorimeter starts seeking for a temperature increase caused by first decomposition pro-
cesses. If the temperature increase surpasses a pre-defined threshold (e.g. 0.01 K/min) the
furnace temperature follows the sample temperature in the adiabatic mode and the calo-
rimeter tracks the adiabatic temperature rise due to the self-heating of the sample. If the
threshold is not surpassed after a certain period of time, the calorimeter proceeds with
the next temperature step. In comparison to DSC analysis ARC measurements are sig-
nificantly more sensitive, usually by a factor of 100 or more. Sensitivity is as low as
0.5mW/g and self-heating rates of 0.01 K/min can be detected.

The most relevant safety and stability information obtained from ARC experiments are
the self-heating rate, the pressure rate and the adiabatic temperature rise of energetic
materials as a function of temperature. As an example, Figures 1.13 and 1.14 show such
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data for GAP diol, an energetic glycidyl azide polymer based on polyether diol and grafted
with energetic azido groups in the polymer chain. The ARC measurement confirms the
overall good stability of the polymer showing a transition to deflagration at >200 °C.%¢"

Another highly sensitive calorimeter is the Thermal Acitivity Monitor (TAM), an iso-
thermal heat flow calorimeter which was originally developed for the investigation of
biological systems.”'’? The thermal acitivity monitor is a differential calorimeter working
with reference samples. It measures heat flows induced by slow decomposition reactions
of samples stored under precisely controlled isothermal conditions. The high sensitivity
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Figure 1.14 ARC measurement of GAP diol: self-heating rate (SHR) and pressure rate until
deflagration
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Figure 1.15 Setup of a Thermal Activity Monitor, TAM (Thermometric/TA Instruments,
Sweden/USA); right: one of up to four calorimeters insertable into the thermostat

of a TAM system allows the detecting of very weak thermal effects even in the yW and
nW range. This high sensitivity is achieved by a high precision temperature bath and a
series of thermocouples controlling the temperature of sample and reference with an
accuracy of at least 10~ K. Therefore, TAM systems are ideally suited for the investiga-
tion of long-term stabilities and compatibilities of energetic materials.®*”*"* Figure 1.15
shows the setup of a typical TAM system. Up to four independently working calorimeters
can be inserted into one high-precision thermostat. Each of them contains a sample of up
to 3 g filled in special glass or steel ampoules.

As an example, Figure 1.16 shows the TAM measurement of the azido polymer GAP
triol (the corresponding three-functional analog to GAP diol). The absolute heat and the
heat flow rate were recorded for a period of 10 days at 89 °C. The data show a typical
equilibration process at the beginning of the measurement as it is often observed in TAM
experiments. After inserting the calorimeter in the thermostat a certain time for thermal
equilibration is required due to differences in heat capacity but also due to moisture or
other impurities in the sample, and for other reasons. After equilibration only a low heat
flow rate of 10-20 W/g is measured. Likewise, only a weak heat of 18J/g was recorded
after 10 days’ storage at 89 °C. Therefore, the GAP triol sample exhibits a sufficiently
high thermal stability for storage and further processing. In case of thermally unstable
compounds heat flow rates may reach values of several hundred W/g.

Experimental data obtained from isothermal mass loss experiments, adiabatic and
isothermal heat flow calorimetry can be used for kinetic modeling and the prediction of
life and storage time of energetic materials under different environmental conditions.
However, the models, that such predictions are based on, are often very complex and thus
not a result of simple extrapolation procedures. For example, different chemical pathways
and mechanisms of decomposition reactions as well as aspects of autocatalysis must be
considered.”
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Figure 1.16 TAM measurement of GAP triol at 89 °C

Figure 1.17 Koenen test setup. Courtesy of Prof. Dr Thomas Klapdtke, Ludwig-Maximilians
University, Munich, Germany

1.4.6 Koenen Test

Besides analyzing the thermal sensitivity of energy-rich compounds under conditions of
slow heating and pyrolysis by employing thermoanalytical techniques as described in
other chapters, additional test procedures are available to determine the sensitivity of
larger sample quantities to intense heating while being under confinement. The so-called
Koenen Test (Steel Sleeve Test) is also used to determine the shipping classification of
energetic (and non-energetic) compounds and to evaluate the degree of venting required
to avoid an explosion during processing operations.”*’®

A typical Koenen test setup is shown in Figure 1.17. The sample is filled into a non-
reusable cylindrical steel sleeve which is closed by a metal plate with a variable orifice
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e

Figure 1.18 Steel sleeves used in Koenen tests: before (left) and after the test (right). Cour-
tesy of Prof. Dr Thomas Klapétke, Ludwig-Maximilians University, Munich, Germany

Table 1.5 Exemplary Koenen test results®

Explosive Limiting diameter of Time until Time of

the orifice / mm ignition / s combustion / s
Nitroglycerine 24 13 0
Pentaerythritol tetranitrate 6 7 0
(PETN)
TNT 5 52 29
Ammonium nitrate 1 43 29

through which the decomposition gases can escape. The closing plate is secured with a
nut. The diameter of the orifice can be varied between 1 and 20mm and in case of sensi-
tive materials the sample holder is not closed. The dimension of the steel sleeve is 25 mm
OD x 24mm ID x 75mm length. The sample is loaded up to a filling height of 60 mm
(sample volume: 27 mL). For the test the charged sample holder is heated simultaneously
by four atmospheric burners.

The test is completed upon rupture of the steel sleeve or after heating the tube for a
minimum of 5 minutes with no reaction. The elapsed time till ignition and the duration
of the combustion are measured. With the variable orifice the limiting diameter is deter-
mined at which at least one explosion within a series of three consecutive experiments
occurs and the sleeve is ruptured into three or more fragments (Figure 1.18). In Table 1.5
exemplary Koenen test results of common explosives are listed.”



Lab-scale Synthesis of Azido Compounds: Safety Measures and Analysis 25

References

[1] S. Brise, C. Gil, K. Knepper, V. Zimmermann, Angew. Chem. Int. Ed., 2005, 44,
5188-240.

[2] E.EV. Scriven, K. Turnbull, Chem. Rev., 1988, 88, 297-368.

[3] E.EV. Scriven (ed.), Azides and Nitrenes: Reactivity and Utility, 1984, Academic Press,
Orlando, FL, USA.

[4] H.C. Kolb, M.G. Finn, K.B. Sharpless, Angew. Chem. Int. Ed., 2001, 40, 2004-21.

[5] W.H. Binder, C. Kluger, Curr. Org. Chem., 2006, 10, 1791-815.

[6] LJ. Dagley, R.J. Spear, in: Organic Energetic Compounds (ed.: P.L. Marinkas), 1996, Nova
Science Publishers Inc., New York, USA.

[7] R. Haiges, A. Boatz, A. Vij, M. Gerken, S. Schneider, T. Schroer, K.O. Christie, Angew. Chem.
Int. Ed., 2003, 42, 5847-51.

[8] J.P. Agrawal, R.D. Hodgson, Organic Chemistry of Explosives, 2007, John Wiley & Sons,
Inc., New York, USA.

[91 M.H.V. Huynh, M.A. Hiskey, D.E. Chavez, D.L. Naud, R.D. Gilardi, J. Am. Chem. Soc.,
2005, 127, 12537-43.

[10] R. Escales, A. Stettbacher, Initialexplosivstoffe, 1917, Verlag von Veit & Comp., Leipzig,
Germany; p. 167.

[11] M.E.C. Biffin, J. Miller, D.B. Paul, in: The Chemistry of the Azido Group (ed.: S. Patai), 1971,
Interscience Publishers, New York, USA.

[12] F. Martin, Uber Azide und Fulminate, 1913, Darmstadt, Germany; cited in: T. Urbanski,
Chemistry and Technology of Explosives, 1964, Pergamon Press, Oxford, Great Britain, Vol.
II; p. 164.

[13] M.B. Talawar, A.P. Agrawal, M. Anniyappan, D.S. Wani, M.K. Bansode, G.M. Gore,
J. Hazard. Mater., 2006, 137, 1074-8.

[14] P.A.S. Smith, The Chemistry of Open-Chain Organic Nitrogen Compounds, Vol. 2, 1966, W.A.
Benjamin Inc., New York, USA, pp. 211-56.

[15] G. Abbenante, G.T. Le, D.P. Fairlie, Chem. Commun., 2007, 4501-3.

[16] G.R. Harvey, K.W. Ratts; Synthesis of azirenes from allenic esters; J. Org. Chem., 1966, 31,
3907-10.

[17] J.H. Boyer, F.C. Canter, Chem. Rev., 1954, 54, 1-57.

[18] E.E. Gilbert, 1,2,4,5-tetrakis (Diazidomethyl) benzene energetic polyazide, United States
Patent HO00428.

[19] T.M. Klapotke, B. Krumm, N. Mayr, FE.X. Steemann, G. Steinhauser, Safety Testing of Protec-
tive Gloves, Proceedings of 1 1" International Seminar on New Trends in Research of Energetic
Materials, 2008, Pardubice, Czech Republic, pp. 597-605.

[20] J.S. Rinehart, J. Pearson, Explosive Working of Metals, 1963, Pergamon Press, Oxford, Great
Britain; p. 38.

[21] NATO STANAG 4489 Document Information, Explosives, Impact Sensitivity Tests, 1999.

[22] Department of Defence Test Method Standard, Safety and Performance Tests for the Quali-
fication of Explosives (High Explosives, Propellants and Pyrotechnics), MIL-STD-1751A,
2001; Superseding MIL-STD-1751(USAF), 1982.

[23] P.W. Cooper, S.R. Kurowski, Introduction to the Technology of Explosives, 1996, John Wiley
& Sons, Inc., New York, USA.

[24] R. Meyer, J. Kohler, A. Homburg, Explosives, 2007, 6™ revised edition, Wiley-VCH, Wein-
heim, Germany.

[25] C.-O. Leiber, B. Dobratz, Assessment of Safety and Risk with a Microscopic Model of Detona-
tion, 2003, Elsevier, Amsterdam, The Netherlands.

[26] F.P. Bowden, A. Yoffe, Hot spots and the initiation of explosion, Proceed. Symposium on
Combustion and Flame, and Explosion Phenomena, Vol. 3, 1949, Cambrige, MA, USA.

[27] T.M. Klapotke, C.M. Rienécker, Propellants Explosives and Pyrotechnics, 2001, 26, 43-7.

[28] M.J. Kamlet, H.G. Adolph, Propellants Explosives and Pyrotechnics, 1979, 4, 30—4.

[29] J. Mullay, Propellants Explosives and Pyrotechnics, 1987, 12, 60-3.



26 Organic Azides: Syntheses and Applications

[30] M.H.V. Huynh, M.A. Hiskey, T.J. Meyer, M. Wetzler, Proc. Natl. Acad. Sci. USA, 2006, 103,
5409-12.

[31] M.H. Keshavarz, J. Hazard. Mater., 2007, 148, 648-52.

[32] M.H. Keshavarz, H.R. Pouretedal, A. Semnani, J. Hazard. Mater., 2007, 141, 803-7.

[33] M.H. Keshavarz, H.R. Pouretedal, J. Hazard. Mater., 2005, 124, 27-33.

[34] L. Tiirker, J. Mol. Struct.: THEOCHEM, 2005, 725, 85-7.

[35] S. Ye, K. Tonokura, M. Koshi, Combust. Flame, 2003, 132, 240-6.

[36] G. Su-Hong, C. Xin-Lu, W. Li-Sha, Y. Xiang-Dong, J. Mol. Struct.: THEOCHEM, 2007, 809,
55-60.

[37] R. Sundararajan, S.R. Jain, Indian J. Technol., 1983, 21, 474-7.

[38] M. Vaullerin, A. Espagnacq, L. Morin-Allory, Propellants Explosives and Pyrotechnics, 1998,
23, 237-9.

[39] M. Cartwright, J. Wilkinson, Correlation of Structure and Sensitivity in Azides, 2008, Cran-
field CERES Publication (https://dspace.lib.cranfield.ac.uk/handle/1826/2584).

[40] H. Koenen, K. H. Ide, Explosivstoffe, Bd. 9, 1961, Erwin Barth Verlag KG, Mannheim,
Germany, pp. 4-13 and 30-42.

[41] NATO STANAG 4487 Document Information, Explosives, Friction Sensitivity Tests, 2002.

[42] NATO STANAG 4490 Document Information, Explosives, Electrostatic Discharge Sensitiv-
ity Tests, 2001.

[43] NATO STANAG 4239 Document Information, Electrostatic Discharge, Munitions Test Pro-
cedures, 1997.

[44] NATO AOP-24 Document Information, Electrostatic Discharge, Munition Assessment and
Test Procedures, 1998.

[45] S. Amari, F. Hosoya, Y. Mizushima, T. Yoshida, Electrostatic Spark Ignitability of Energetic
Materials, 1995, 21st International Pyrotechnic Seminar, Moscow, Russia, 13-31.

[46] B.T. Fedoroff, O.E. Sheffield, Encyclopedia of Explosives and Related Items PATR 2700, Vol.
5, 1972, Picatinny Arsenal, Dover, N.J., USA.

[47] D. Skinner, D. Olson, A. Block-Bolten, Propellants Explosives and Pyrotechnics, 1998, 23,
34-42.

[48] M. Roux, M. Auzanneau, C. Brassy, Propellants Explosives and Pyrotechnics, 1993, 18,
317-24.

[49] M. Auzanneau, M. Roux, Propellants Explosives and Pyrotechnics, 1995, 20, 96-101.

[50] C.J. Dahn, B.N. Reyes, A. Kashani, J. Finkelstein, Electrostatic hazards of explosive, propel-
lant and pyrotechnic powders, 1998, Proceed. 20™ Electrical Overstress/ Electrostatic Dis-
charge Symposium, Reno, Nevada, USA; 139-50.

[51] ML.E. Brown, Introduction to Thermal Analysis: Techniques and Applications, 2001, Kluwer
Academic Publishers, Norwell, MA, USA.

[52] B. Wunderlich, Thermal Analysis, 1990, Academic Press, San Diego, CA, USA.

[53] W.W. Wendlandt, Thermal Analysis, 1986, John Wiley & Sons, Inc., New York, NY, USA.

[54] G.W.H. Hohne, W.F. Hemminger, H.-J. Flammersheim, Differential Scanning Calorimetry,
2003, Springer, Heidelberg, Germany.

[55] S. Lobbecke, M. Kaiser, G.A. Chiganova, in: Energetic Materials: Particle Processing and
Characterization (ed.: U. Teipel), 2004, Wiley, Weinheim, Germany.

[56] D.R. Miller, D.C. Swenson, E.G. Gillan, J. Am. Chem. Soc., 2004, 126, 5372-3.

[57] T. Keicher, G. Unkelbach, H. Krause, Synthesis and characterization of new triazido-
plasticizers, 2005, Proceed. 36th Int. Annual Conference ICT, Karlsruhe, Germany; pp.
49/1-8.

[58] D. Roseling, G. Unkelbach, T. Keicher, H. Krause, Synthesis, characterization and first for-
mulations of new triazidoplasticizers, 2007, Proceed. NTREM Conference — New Trends in
Research of Energetic Materials, Pardubice, Czech Republic, 943-50.

[59] A. Pfeil, S. Lobbecke, Propellants Explosives and Pyrotechnics, 1997, 22, 137-42.

[60] C.I Schilling, S. Brise, Org. Biomol. Chem., 2007, 5, 3586-8.

[61] S. Lobbecke, H. Schuppler, W. Schweikert, J. Therm. Anal. Calorim., 2003, 72, 453-63.

[62] B. Vogelsanger, Chimia, 2004, 58, 401-8.

[63] F. Stoessel, Thermal Safety of Chemical Processes, 2008, Wiley-VCH, Germany.



Lab-scale Synthesis of Azido Compounds: Safety Measures and Analysis 27

[64] M.W. Whitmore, J.K. Wilberforce, J. Loss Prev. Process Ind., 1993, 6, 95-101.

[65] Bundesamt fiir Wehrtechnik und Beschaffung, Arbeitsvorschriften fiir die chemische und
physikalische Untersuchung von Treibladungspulver (TLP) 2.31.1 Bestimmung der che-
mischen Bestdandigkeit bei 90°C und 75°C, 1999, Technische Lieferungsbedingung TL
1376-0600/430.

[66] M.A. Bohn, Decomposition behaviour of azido based and nitric acid ester based plasticizers
and binders determined by adiabatic selfheating, 1998, Proceed. 11" Symposium on Chemical
Problems Connected with the Stability of Explosives, Bastad, Sweden; 61-88.

[67] D.I. Townsend, Accelerating Rate Calorimetry, 1981, I.Chem.E. Symposium Series 68.

[68] D.I. Townsend, J.C. Tou, Thermochim. Acta, 1980, 37, 1-30.

[69] X.-R. Li, H. Koseki, J. Loss Prev. Process Ind., 2005, 18, 455-9.

[70] M.A. Bohn, Heat generation of propellants & explosives, 1994, Proceed. Int. Symp. on Ener-
getic Materials Technology, Orlando, USA.

[71] J. Suurkuusk, I. Wadso, Chemica Scripta, 1982, 20, 155-63.

[72] P. Bickman, M. Bastos, L.E. Briggner, et al., Pure Appl. Chem., 1994, 66, 375-82.

[73] NATO STANAG 4582 Document Information, Explosives, single, double and triple base
propellants’, 2004.

[74] NATO STANAG 4147 Document Information, Chemical compatibility of ammunition com-
ponents with explosives and propellants, 2001.

[75] M.A. Bohn, Modelling of the stability, ageing and thermal decomposition of energetic
components and formulations using mass loss and heat generation, 2000, Proceed. 27" Int.
Pyrotechnics Seminar, Grand Junction, Colorado, USA; 751-70.

[76] United Nations, Recommendations on the Transport of Dangerous Goods, Manual of Tests
and Criteria, 2003, 4th revised edition, New York and Geneva.






