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Summary

Nitrate ester explosives, such as nitroglycerin (NG) and pentaerythritol tetranitrate (PETN), have been
used by Defence for decades. Recently, there has been an increased interest in the nitrate esters
erythritol tetranitrate (ETN) and xylitol pentanitrate (XPN) by terrorists, amateur experimentalists, and

the defence industry. Despite this interest, XPN was not well characterised in the academic literature.

Crystalline XPN was prepared by slow evaporation and subjected to single crystal x-ray diffraction to
obtain a crystal structure. XPN crystalises in the centrosymmetric monoclinic space group P2:/n. The
density of XPN calculated from the crystal structure is 1.852 g.cm™ and the calculated heat of
formation is -500.48 kJ.mol. These values were entered into the computer program Cheetah 7.0 to
determine the theoretical explosive performance of XPN. The calculated detonation pressure and
velocity of detonation were determined to be 32.6 GPa and 8.780 km.s?, respectively, which are
comparable to the theoretical performances of ETN, PETN and cyclotrimethylene trinitramine (RDX).
Sensitiveness testing showed that XPN is a primary explosive that is significantly more sensitive to

impact and friction than PETN.

Analytical characterisation data were also collected to provide forensic scientists, first responders and
Defence with reference data for XPN. GC-MS, LC-MS, NMR, and vibrational spectroscopy data were
obtained. Vibrational spectroscopy displayed characteristic vibrations that are expected for a nitrate
ester, with XPN able to be differentiated from ETN. High field strength NMR was able to differentiate
XPN from ETN, and benchtop NMR, while unable to resolve all peaks, was also able to differentiate
XPN from ETN, PETN and NG. Using direct-MS, diagnostic chloride and nitrate adduct ions were
measured for XPN and UPLC was successful in separating XPN from ETN, PETN and NG. Cold-El GC-MS
provided spectra that were unique to each nitrate ester explosive, however, the results were
inconsistent due to the likely thermal degradation of the molecules. As such, UPLC is recommended
for the identification of XPN over GC-MS, however, for in-field detection, Raman and IR spectroscopy

are desirable.

The chemical degradation of rigorously purified ETN was investigated at 60, 80 and 100 °C. ETN was
found to be stable at 60 °C for up to 28 days, whereas no ETN was detected at 28 days at 80 °C and no
ETN was detected at 14 days at 100 °C. The presence of acid vapour increased the rate of degradation
with no observable ETN at 14, 7 and 2 days at 60, 80 and 100 °C, respectively, whereas at 40 °C, ETN
exposed to acid vapour was stable for the 28 day trial period. Stabilisation studies involving 0.2 % w/w
of DPA or EC were conducted at 80 and 100 °C. There was no significant difference between the

stabilised and unstabilised ETN samples at these temperatures.
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Chapter 1: Introduction
1.1 Explosives

An explosive can be classified as any substance capable of producing an explosion; that is, it is capable
of a sudden release of energy [1-2]. An explosion can be classified as chemical, mechanical, thermal,
electrical or nuclear, however, from a forensic perspective, chemical explosions are of most interest
[1-2]. An explosive may be initiated using thermal, mechanical or electrostatic initiation sources [3].
Explosives do not require the presence of external oxygen to maintain an exothermic reaction [3].
Many explosives consist of at least two ingredients, an oxidiser (for example inorganic nitrates,
perchlorates, etc.) and a fuel (for example carbohydrates, hydrocarbons etc.)- whereas molecular
explosives are designed to include oxidising and reducing components within a single molecule [e.g.

trinitrotoluene (TNT) and pentaerythritol tetranitrate (PETN)] [3-5].

Chemical explosives can be further broken down into primary, secondary and tertiary explosives [3].
Tertiary explosives, such as ammonium nitrate and ammonium perchlorate, are the least sensitive and
are the hardest to detonate, whereas secondary explosives, such as PETN, are slightly more sensitive
to external stimuli, although they typically require a primary explosive for initiation [1-3]. A primary
explosive is very sensitive to stimuli, such as heat, impact, friction, and electrostatic discharge [1-3].
[1-3]. There is no worldwide accepted standard for when an explosive is considered primary, however,
itis typically proposed that if it is more sensitive to impact and friction than the nitrate ester explosive
PETN, then it can be considered a primary explosive [6]. Primary explosives are used in small quantities
in military applications as part of an energetic train to initiate secondary explosives [6]. One of the
most common and powerful primary explosives is lead azide, which is used in detonators for military
applications; some other important primary explosives are mercury fulminate, silver azide, lead
styphnate etc [1-3]. Due to the sensitivity, primary explosives are dangerous when used or made in
large quantities. While some primary explosives are used for military applications, there are others
that are used as improvised or ‘homemade’ explosives by terrorists and amateur experimenters, of

which triacetone triperoxide (TATP) is one of the most commonly produced [5, 7-9].

One of the most important factors of an explosive material is its oxygen balance [3]. When an
explosion takes place, a molecule will break down into its constituent atoms. If the explosion results
in complete combustion it will form by-products such as water, carbon dioxide, sulfur dioxide and
aluminium oxide, however, if incomplete combustion occurs, by-products such as hydrogen and
carbon monoxide may form [2-3]. The products formed during the explosion are influenced by the

amount of oxygen available during the reaction. To determine if a potential explosive material will



have enough oxygen present to result in complete combustion, the oxygen balance can be calculated

using Equation 1 [1, 3]:
Equation 1: Oxygen balance

o [d — (2a) — (g)] x 1600
M

Where M is the molecular weight of the molecule and a, b and d are from the number of carbon,
hydrogen and oxygen atoms respectively (CaHsN:Oqg) [1, 3]. An example of an explosive that contains
enough oxygen in the molecule to result in complete combustion is nitroglycerin (NG) (CsHsN3Oo)
which has an oxygen balance of +3.50 weight % (as shown in the example calculation below) [1-3]. An
example of an explosive with incomplete combustion is TNT which has an oxygen balance of -74.0

weight % [1-3].

b
d—(2a) -5 1600
Ja-co-(B) x
M
Where M= (3*12)+(5*1)+(3*14)+(9*16)
M= 227

Q:[9—(2><3)—(%)] x 1600

227

[0.5] x 1600
- 227
800
=57

QO = +3.50 % weight

Other parameters that define an explosive’s properties are the velocity of detonation (VOD),
detonation pressure and density. The VOD is the rate at which the detonation wave propagates
through an explosive (expressed in m.s) and the detonation pressure is the pressure (MPa) in the
detonation reaction zone as it progresses alone the charge, and the density (p) is the mass per unit
volume of a substance [2, 7]. The detonation pressure and VOD increase as the density of the explosive
increases, with these values being used to determine the efficiency of the explosive material [1-2].
Explosive performance may be measured experimentally, or determined theoretically using a

thermochemical code such as Cheetah [3].

Sensitiveness refers to the susceptibility of an explosive to ignite when exposed to external stimuli,
such as friction, impact and electrostatic discharge [3]. Friction testing can be conducted using a BAM
friction apparatus (Figure 1) in which a small amount of material is placed upon a ceramic plate [3].

The ceramic plate is then dragged under a weighted ceramic peg with the force of the peg being
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modified by adding different weights to the load arm [3]. A positive result is typically determined by a
small explosion or a popping sound and the friction level reported is the force at which a negative

result occurs six times (with the previous weight resulting in at least one positive result) [3].

Figure 1: BAM friction apparatus.

Sensitivity to impact is typically determined by the drop hammer method [3]. This method is
performed by dropping a known weight from fixed heights onto a small (approx. 10mg) sample of
explosive material contained in a hammer anvil apparatus (Figure 2) [1, 3]. The Bruceton Staircase
technique can be used to determine the median drop height which gives a 50% probability of ignition
[1]. This value can then be used to determine the figure of insensitiveness (F of 1) using Equation 2,
where the standard material is cyclotrimethylenetrinitramine (RDX) which has an F of | of 80 [1]. The

lower the value of F of I, the more sensitive the material is to impact [1].

Figure 2: Small hammer anvil apparatus.



Equation 2: Figure of insensitiveness

median drop height of sample

Fofl=
of median drop height of standard

X F of I of standard

Electrostatic discharge is one of the most frequent and least characterised cause of accidental
explosions [3]. The sensitiveness to electrostatic discharge is determined using a test apparatus (Figure
3) which applies varying spark energies (e.g. 4.5, 0.45 and 0.045 J) to a material and observing if
ignition occurs [3]. Data obtained from this test may indicate if the static built up in a person’s clothing

is enough to cause initiation of the material [3].

Figure 3: Electrostatic discharge apparatus purpose built by the Defence Science and Technology Group.
1.2 Nitrate ester explosives

Nitrate esters are a class of organic compounds which are essentially esters of nitric acid [10]. They
are generally formed through the nitration of alcohols by using either the mixed acid (sulfuric and
nitric acid) method (Figure 4) or acetyl nitrate (fuming nitric acid in the presence of acetic anhydride

and acetic acid) (Figure 5) [10-12].

H,S0,
HO OH + 3 HNO3 — 02N N02 + 3 H20

OH NO;

Figure 4: Formation of nitroglycerin (NG) using the mixed acid method.
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Figure 5: Formation of NG using the acetyl nitrate method.



As many compounds in this class have high oxygen content, favourable combustion characteristics
and high reactivity, nitrocellulose, NG and PETN are usually found in commercial and military
applications [10-11, 13]. NC, NG and PETN are some of the most common nitrate ester explosives and
are often used as high explosives or in propellants [10-11, 14]. Nitrate esters undergo degradation

over time with the potential for autocatalytic decomposition to occur [10-11, 13-19].

Black powder was one of the first man-made explosives (discovered in approximately 700 AD), also
called gunpowder because of its later main use [20]. It was used as a pyrotechnic and propellant up
until the 19t century. It was soon replaced for limited applications with NG, discovered by Professor
Ascanio Sobrero and developed by the Nobel family, in the form of dynamite, a mixture of NG and an
absorbent [20]. NG is the nitric acid ester of glycerol which is prepared by mixing highly concentrated
glycerol with nitric and sulphuric acids [2]. Alfred Nobel soon developed a new gun powder which was

a mixture of NG and NC which was given the name of a double based propellant (DBP), ballistite [20].

NC was first discovered around the same time as NG; however, its preparation was refined over
decades by many workers. In 1845 it was used for mineral blasting and experimentally in guns where
it was demonstrated to be better than Black powder because it was smokeless, smokeless propellants
are advantageous as smoke shows the location of the shooter. However, over two decades, there
were many accidental explosions due to the instability of NC [20]. It wasn’t until 1868 that a stable
product was developed in the form of dry compressed highly nitrated guncotton. In 1884, NC
propellant used in smokeless shotguns was prepared, which later became known as a single-based
propellant in order to differentiate it from ballistite [20]. Many modifications were made to
propellants over the years and in the 1930s triple based propellants containing nitroguanidine were

developed [2, 20].
1.3 Nitrocellulose

NC is a polymer with a cellulose backbone formed by the nitration of cellulose in an exothermic
esterification (Figure 6). Nitration is generally achieved using a mix of nitric acid and sulfuric acid in a
molar ratio range of 1:1 to 1:3 [21]. The level of nitration obtained in the NC polymer is responsible
for the physical and chemical properties of the NC and hence its use. NC with a level of nitration below
12% is generally used for films and paints etc. while NC with a high nitration level (>12%) is generally
used for energetic materials [21-25]. The highest level of nitration theoretically is 14.14%, however,
practically a level of nitration above 13.5% is not feasible [21-24]. The level of nitration can also be
reported as the degree of substitution (DS) (Equation 3) which indicates the number of hydroxyl

groups exchanged for nitrate groups [21, 24-25]. This value is linked to the physical properties of NC



such as viscosity and solubility- as the DS increases the solubility decreases and the viscosity increases

[21, 23-24, 26].

_ NO,
OH O,N
OH \
O,N
0 HO L H,S0,

0 e 0.0
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- —in L _In

Figure 6: Nitration of cellulose (1) to form NC (2) [21, 27]

Equation 3: Degree of substitution equation for NC [21, 25]

3.6 X nitrogen content (%)

DS =
31.13 — nitrogen content (%)

NC undergoes primary decomposition in which thermolysis results in NO; loss from the NC chain and
may also result in chain scission [22, 27-31]. The NO; may then act as an oxidiser and cause secondary
reactions to occur [27, 31]. The secondary decomposition reactions occur faster than the primary
reactions and causes autocatalytic decomposition. The overall process for NC decomposition can be
seen in Figure 7 [22]. Initially, thermolysis results in the loss of the NO; to produce a free radical that
is itself highly reactive [22, 32]. The free radical causes a carbon-carbon bond scission in the NC chain
which produces an aldehyde and another radical which undergoes further decomposition to produce

another aldehyde and an NO; radical [22].

H——C——ONO;  Yeat H—C—0'
e

+ ’NO2 e H——Cc=—0 + H—'C—ONOQ—> H—Cc=—0 + Noz

H——C——0NO, H——C——0ONO,

Figure 7: The decomposition of NC through thermolysis [22].

Decomposition of NC can cause the propellant to become unstable, creating the potential for self-
ignition [31, 33-34]. As the decomposition of NC results in the elimination of NO, from the NC chain

and chain scission, the nitrogen content will decrease and so will the molecular weight [22, 31, 33-34].



Both can influence the way in which the propellant will function. Due to the decrease in molecular
weight, the chemical and physical properties of the propellant, such as tensile strength, morphology,
and glass transition temperature change [30-31, 33]. The propellant grain may become more finely

powdered, leading to an increase in surface area and burn rate [26, 35].

1.3.1 Stabilisation of NC

To avoid autocatalytic decomposition, stabilisers, such as diphenylamine (DPA) (Figure 8 (1)), ethyl
centralite (EC) (Figure 8 (2)) and Akardite, are added to the propellant to react with any nitrogen
dioxide formed [28, 36]. Nitric oxides react with stabilisers to form various nitroso and nitroaromatic
compounds, which themselves can act as stabilisers until the aromatic moieties can no longer be
nitrated. While decomposition of NC will still occur, autocatalytic decomposition will be avoided until
such a time when the stabiliser content is eliminated. Once the stabiliser content is diminished, the
autocatalytic process will begin. Therefore, as both the stabiliser and NC are important factors in
propellant degradation, it is necessary to quantify the amount of stabiliser remaining and the amount
of decomposition of NC to determine whether the propellant is both safe and will still function
effectively. To monitor the decomposition of NC, the remaining stabiliser concentration is typically
quantified via high performance liquid chromatography (HPLC), however, other methods such as gas
chromatography-mass spectrometry (GC-MS), infrared spectroscopy (IR), Raman spectroscopy etc.

have also been investigated [29, 37-46].

ol

Figure 8: Structures of diphenylamine (1) and ethyl centralite (2).
1.4 Nitroglycerin

NG (Figure 9) can be produced in the same manner as other nitrate esters, with the precursor of NG,
glycerol, being nitrated with mixed acids [10]. It has been reported to be either a pale yellow or
colourless liquid which emits a sweet smell when heated to 50 °C and is said to taste bittersweet and
spicy [10, 14]. As with many nitrate ester explosives, NG is also prone to thermal decomposition, like
that of NC, where in a sealed vessel, NG will produce NOy that can cause autocatalysis and hence

accelerate decomposition [47-48]. This decomposition has potential to cause the NG to explode.



Although it has high sensitivity and is prone to thermal decomposition, NG is generally used in double

and triple based propellants or mixed with gelatinizing agents for use in dynamite [10, 47-50].

Figure 9: Structure of NG
1.4.1 Stabilisation of NG

Although NG is used in double and triple based propellants, there is little information on the effects
of stabilisers on NG as much of the focus is on the stabilization of NC. One article investigated the
effects of common stabilisers such as DPA, EC and Akardite Il and phenolic compounds on the thermal
stability of NG [48]. The results of the study suggest that DPA delays the exothermic peak of NG from
4.6 h for neat NG to 13.8 h for NG with 6 wt.% DPA [48]. However, there was a small exothermic peak
that occurred before the main heat release (Figure 10) which doesn’t occur for neat NG [48]. The
authors suggest that this heat release is due to reactions between DPA and NG, as the amount of heat
released was dependant on the amount of DPA used (32, 100 and 152 J per gram of NG for 2, 4 and 6
wt.% DPA respectively) [48]. It is possible that this effect accounts for a previous study which
suggested DPA has little stabilising effect on DBPs [29, 48]. The results of the study suggest that
Akardite Il was the best stabiliser to use for NG, while phenolic compounds, such as butylated

hydroxytoluene (BHT) had a similar effect as 2-NO-DPA and hydroquinone (HQ) destabilised NG [48].



Figure 10 has been removed due to Copyright restrictions.

Figure 10: A thermodiagram of NG with DPA. A small exothermic peak is observed before the main peak for NG with DPA which
is dependent on the amount of DPA used. These data were taken from Kutoh et al. (2010) [48].

The stability of NG can also be affected by water and residual acid; hence it should be washed with
sodium carbonate to achieve a neutral or alkaline material for safe storage. Although the thermal
stability affects the safe storage life of a propellant, the mechanical properties also has an effect [51].
NG is known to migrate and evaporate from propellant formulations, which leads to a change in the
mechanical properties of a propellant. A study by Sun et al. (2018), showed that over a 3 day period,
the concentration of NG in a propellant reduced by 25.6%. Over this same time period, it was
determined that the tensile strength of the propellant increased by 130% when tested at 50 °C and
the elongation decreased by 51% when tested at -40 °C [51]. The migration of NG can be inhibited by
the addition of polymers, such as polyurethane and epoxy resin, to a DBP formulation, however NG

evaporation has been less studied [51].

The study by Sun et al. (2018) also investigated the possibility of adding polytetrafluoroethylene (PTFE)
to a propellant mixture to enhance the mechanical properties [51]. It was observed that the addition
of PTFE limited the diffusion and evaporation of NG due to the crystallinity and as such the mass loss
of NG was reduced and the mechanical properties were significantly improved [51]. The elongation of
polytetrafluoroethylene-double based propellants (PTFE-DBP) was increased by 115% from 6.34% to
13.6% at -40°C compared to neat DBP, while the tensile strength was increased from 3.28 MPa for
neat DBP to 5.62 MPa for PTFE-DBP [51]. Over an ageing period of 3 days, the PTFE-DBP had a mass
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loss of 14.0%, compared to 25.6% for near DBP. Although the mass loss could still lead to a decline in
mechanical properties, it was observed that at 50°C, the tensile strength of PTFE-DBP remained
constant, whereas the neat DBP tensile strength increased significantly [51]. When aged for 3 days at
-40°C, the elongation of the PTFE-DBP decreased by 16.2% compared to 51% for neat DBP. However,
although additives can improve some characteristics of NG, such as a reduction in mass loss, they can
also lead to a reduction in the chemical stability, hence, a compromise needs to be made between

these factors.
1.5 PETN

PETN is a nitrate ester explosive, symmetrical in structure, first produced in 1891 and is typically a
white crystalline solid [52]. It is used widely for military applications such as detonators, detonation
cord and in demolition devices [2-3, 53]. Like NG, it also has a long history of being used as angina
medication [52]. As it is a secondary explosive, a detonator is often required for initiation [52]. PETN
has a lower toxicity than NG, has a detonation pressure and velocity that is slightly lower than RDX
but higher than TNT [52-53]. However, it is inferior to ammonium nitrate and is likely to be replaced
in future by explosives such as RDX, octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX),
hexanitrohexaazaisowurtzitane (CL20) or dihydroxylammonium 5,5-bistetrazole-1,1-diolate (TKX-50)

[1, 52].
1.5.1 Stabilisation of PETN

PETN is considered the most chemically stable and least reactive of the nitrate ester group [16, 54].
While it undergoes thermal decomposition, which occurs in a similar manner to NC decomposition
where homolytic cleavage of the O-NOz bond occurs, it is relatively thermally stable [16, 54]. The
temperature difference between the melting point and the decomposition temperature onset is small
and hence neat PETN melt cast explosives aren’t possible [10, 18]. To address this issue, PETN is
generally combined with other explosives, such as TNT and NG, to form castable mixtures or is
desensitised with phlegmatizers such as paraffin wax [10, 18]. By mixing two explosives, it is possible

to change the properties of each, for example, adding TNT increases the thermal stability of PETN [18].

Further to thermal decomposition, PETN is prone to coarsening or sublimation; over a long time
period, this can change the performance and properties of PETN [55-56]. Studies have been conducted
to determine whether the homologues, dipentaerythritol hexanitrate (diPHEN) and tripentaerythritol
octanitrate (triPEON), can control this ageing process [55-56]. It was determined that they have a small
impact on the ageing process and can change chemical properties of PETN. For example, it was
determined that the addition of these homologues reduced the vapour pressure of PETN, while the

heat of sublimation was not affected [56]. Doping PETN with 1000 ppm of diPHEN led to ~20%
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decrease in mass loss rate compared to neat PETN and up to a 35% decrease for 5000 ppm and 10000
ppm concentrations [55]. When using triPEON at 1000 ppm a decrease in mass loss rate of ~35% was
observed, while higher concentrations actually yielded less of a change [55]. These results indicate
that a PETN crystal can only accommodate a maximum level of homolog impurities (5000 ppm for

diPHEN and 1000 ppm for triPEON) [55].

Another study by Zhang and Weeks (2015) investigated the effect that graphene oxide (GO) had on
the stability of PETN [57]. GO is a 2D material commonly used in material sciences, which due to its
large surface area has been known to alter the properties of materials with which it is mixed [57]. In
the study by Zhang and Weeks [57], GO was added to PETN in order to form GO doped PETN
composites (GO-PETN) with concentrations of GO ranging from 0.25 to 5% [57]. Scanning electron
microscopy (SEM) was used to assess the morphology of GO-doped PETN. It was found that the PETN
microcrystals in the composites were similar in size to neat PETN despite being coated with GO (Figure

10) [57].

To assess the effect that GO had on the thermal stability and sublimation rate of PETN, differential
scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) were conducted [57]. DSC analysis
showed that the activation energy for thermal decomposition increased as the concentration of GO
increased, indicating that GO doping increases thermal stability of PETN (Figure 12Figure 11). TGA
analysis indicated that the rate for sublimation of PETN decreased with increasing GO concentration,
however, the activation energy for sublimation decreased. The vapour pressure was also lower in GO-
PETN than in neat PETN. From the results of this study, further investigation into increasing thermal

stability of other nitrate esters should be considered.

There have been several studies which focused on the sublimation rate of PETN doped with Zn, Ca,
Fe, Na and porphyrins [58-61]. These studies have indicated that porphyrins decrease the sublimation
rate [58], while Zn has mixed results with one indication that it increases the sublimation rate [60] and

others suggesting it decreases the rate depending on concentration of the Zn [59, 61].
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Figure 11 has been removed due to Copyright restrictions.

Figure 11: SEM images of neat PETN and various GO-PETN composites. A) neat PETN; B) 0.25 %; C) and D) 0.5 %; E) 1%; F) 2.5
%; G) 5% GO-PETN composites; H) GO powders. These data were taken from Zhang and Weeks (2015) [57]

Figure 12 has been removed due to Copyright restrictions.

Figure 12: Plot of the activation energies obtained via DSC analysis for thermal decomposition of pure PETN and 0.25-5% GO
doped PETN. These data were taken from Zhang and Weeks (2015) [57].

1.6 Improvised explosives

An improvised explosive device (IED) is classified as a ‘homemade’ bomb/explosive or a destructive
device which is used to cause serious harm [9, 62]. Improvised or home-made explosives used in
homemade devices that are designed to cause injury or death range from small pipe bombs to devices
capable of causing mass damage and loss of life [8-9]. They are used by terrorists and are typically
made by combining an oxidiser and a fuel such as a chlorate and a carbohydrate; however, some
contain the oxidiser and fuel in the molecular structure, such as NG [5, 8]. Improvised explosives can
range from home-made production of explosives commonly used by the military, such as NG, to non-
military explosives, for example triacetone triperoxide (TATP) and hexamethylene triperoxide diamine

(HMTD), which have simple synthetic procedures and readily accessible precursors [7, 9].

Improvised explosives have long been a public safety concern and have been found in clandestine
laboratories and in post blast residues [7]. They are usually produced by individuals working from a
recipe that can be easily found online, in the form of books, forums, articles etc., using kitchen

equipment instead of laboratory grade equipment [7-9]. However, these recipes are often inaccurate,
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incomplete and dangerous to follow [8]. As some improvised explosives are highly sensitive to impact
and friction, such as TATP, dealing with these is one of the most dangerous assignments first
responders and bomb technicians can face [7]. In 2007, IEDs were responsible for 60% of military
fatalities by insurgents in Irag and 25% in Afghanistan [9]. By 2009, this figure had doubled in
Afghanistan [9]. Due to the sensitivity of these explosives, many individuals have been killed or injured

in the preparation process [8].

There have been 28,729 recorded incidents of explosive violence between October 2010 and
September 2020, resulting in over 350,000 casualties [62]. Of these incidents, it is reported that
approximately 48% of the explosive weapon casualties were the result of IEDs. Between October 2010

and September 2020, there were 136,669 civilians killed or injured by IEDs [62].

There have been many famous terrorist attacks using IEDs, such as the Russel street bombing in
Melbourne (1986), the NCA bombing in Adelaide (1994), the Shoe bomber in London (2001), the Bali
bombings (2002) and the underwear bomber (2009) [5, 8, 63-67]. Many different explosives were used
in these incidents such as TATP and PETN in the shoe bomber incident, oxidizer/fuel mixtures, TNT,
RDX and PETN in the Bali bombings and gelignite and detonators were stolen from a mine for use in

the Russel street bombing [5, 8, 63-64, 66-67].

As these explosives are dangerous to prepare and use, individuals are continuously looking for new
materials to manufacture, with nitrate ester explosives becoming more popular, particularly erythritol

tetranitrate (ETN).

In November 2010, California authorities found up to 9 pounds of explosives at a residential address,
including hexamethylene triperoxide (HMTD), PETN and ETN [68]. In 2014, a former UW-Madison
student was found in possession of ETN which he claims he was using to make a homemade rocket
[69]. He also had plans to use ETN to create a heavy armour piercing round that he would make
available to law enforcement. He claims he had made the ETN a few months prior and had previously

made another 3 or 4 batches [69].

In 2018, a man who owned a chemical and solvent company had his home raided [70]. Authorities
found methamphetamine, 10 firearms and four explosive devices, of which the man admitted the
largest device contained ETN [70]. Also in 2018, a UK binman was found with a large number of bombs
after an explosion occurred [71-72]. The IEDs found at the premises were reported to contain black
powder, flash powder and ETN [71-72]. The man was sentenced to 3 years and four months in prison
and there was no obvious suggestion of terrorist motives. Instead it was deemed that he had a

committed interest in explosives [71-72].
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In 2018, a Japanese 16 year old boy was found to have refined and sold uranium [73]. He was also
accused of manufacturing ETN and has been labelled a ‘chemistry geek’ rather than having an interest
interrorism [73]. Another man in Northern Ireland faced 3 charges of terrorism that occurred between
2011 and 2016 [74-75]. It was said that he was manufacturing explosive substances, including ETN and
pipe bombs, and possessed a document containing information which could be used by a person

preparing an act of terrorism [74-75].

1.6.1 Erythritol tetranitrate

ETN (Figure 13) is a solid crystalline nitrate ester that was first discovered in 1849 [76]. It has a similar
molecular structure to NG (Figure 9), being a longer chain analogue of NG, and similar in physical and
explosive properties to PETN (Figure 14). While ETN was one of the first nitrate esters discovered, its
precursor, erythritol (Figure 15), was expensive to manufacture and not widely available [15]. In the
past, erythritol was extracted from seaweed, but a new manufacturing method using microbial
techniques is now available [15, 77]. This new method reduces the cost of production of erythritol and
since then its availability has increased dramatically due to its popularity as a sugar alternative [77].
ETN can be formed through various processes, the two main processes being the mixed acid and acetyl
nitrate methods [12, 78]. However, amateur experimenters are always looking for other preparation
methods due to the availability of the reagents, especially concentrated nitric acid. As such, a method
of preparation likely to be used involves combining ammonium nitrate, sulfuric acid (which produces
nitric acid in situ) and erythritol [79]. Due to the availability of erythritol to the public, the ease of
production and its explosive properties, there has been an increase in the use of ETN as an improvised

explosive.
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Figure 13: Structure of ETN
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Figure 15: Structure of erythritol

As there has been an increase in the use of ETN as an improvised explosive in recent years, there has
been research into its detection and explosive properties [12, 17, 78, 80-86]. These studies have
determined the experimental vapour pressure, 3.19x102 Pa, compared the friction and impact
sensitivity of ETN to PETN and investigated thermal decomposition [12, 17, 84, 87]. There have also
been investigations into detection of ETN and its decomposition products [15, 17, 88]. Liquid
chromatography-mass spectrometry (LC-MS), direct mass spectrometry (such as direct analysis in real
time-mass spectrometry (DART-MS)), IR, Raman spectroscopy and GC-MS are some of the analytical
techniques which have been investigated for ETN detection [12, 82, 84]. A study by Oxley et al in 2012,
shows that ETN, PETN and 1,4-dinitrato-2,3-dinitro-2,3- bis(nitratomethylene) butane (DNTN or SMX)
(Figure 16) were able to be separated using GC-MS [12]. However, the mass spectrum for ETN gave
ions of 30, 46 and 76 m/z which are typical ions for various nitrate esters, the chromatographic peak
for PETN did not reflect its concentration and the DNTN was a very broad peak. While Oxley et al. do
not comment on why the GC-MS of PETN and DNTN were unsuccessful, it is possible PETN was
undergoing degradation on column resulting in peak areas lower than expected. Oxley et al. make no
mention of by-product peaks nor do they provide a chromatogram for PETN [12]. It is possible that

the optimal gas chromatography (GC) conditions used for ETN were not acceptable for DNTN, hence
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it gave a broad peak. Again, a chromatogram was not provided and there was no mention as to

whether other GC conditions were investigated for DNTN [12].
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Figure 16: Structure of DNTN.
1.6.2 Thermal decomposition of ETN

Computational and experimental studies into the thermal decomposition of ETN have become more
frequent in recent years. Through these studies, information about the decomposition pathway and
the decomposition products of ETN has developed. In 2017, Oxley et al., identified three main
decomposition products using high resolution LC-MS. These were erythritol trinitrate (EtriN),
erythritol dinitrate (EdiN) and erythritol mononitrate (EmonoN) (Figure 17; A, B and C respectively)
[17]. Initial decomposition pathways, such as O-NO;, bond breakage, like that of NC (Figure 7) and
exothermic release of HONO, were considered. Activation energies of each pathway were determined
and 0-NO, bond cleavage (121.3 kJ.mol?) was found to be approximately 37 kimol™ lower than release
of HONO (158.3 kJ.mol?) indicating that O-NO, bond cleavage is the energetically favoured pathway
[17].
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Figure 17: Structure of A) erythritol trinitrate (EtriN), B) erythritol dinitrate (EdiN) and C) erythritol mononitrate (EmonoN) [12,
89].

Another study investigated thermal stability of ETN in various environments such as extreme heat (47
°C) and cold temperatures (-4 °C), as well as elevated humidity (90 % relative humidity) [84]. Results
of this study indicated that elevated temperatures and increased humidity result in an increase in the
decomposition rate of ETN, with less than 5 % remaining after 7 days under extreme heat and 0 %
remaining after approximately 4 days under increase humidity (Figure 18) [84]. In cold environments,
ETN was found to be the most stable, with approximately 76 % remaining after 42 days. The results of
this study indicated that there may be additional decomposition pathways occurring in ultraviolet
(UV), increased humidity and ozone-rich environments [84]. Although this study has shown

decomposition of ETN within 7 days, it was conducted on the nanogram scale; hence it is unclear if
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the same rate of decomposition occurs with larger quantities of the explosive. There is little
information on the effect residual acid or acid vapour would have on the decomposition rate and

whether it is possible for the explosive to be stabilised to reduce the rate of decomposition.

Figure 18 has been removed due to Copyright restrictions.

Figure 18: Stability curves for ETN for seven environmental conditions; A) room temperature, -4 °C, 30 °C and 47 °C; B) under

ozone, 90 % relative humidity and UV. These data were taken from Sisco et al. (2017) [84].

As ETN has a low melting point (61 °C) [12, 15, 90], and has a high temperature at which it undergoes
violent decomposition (~200 °C) [12, 15, 90], it is thought that ETN could be used in melt cast
explosives [91-92]. There are many properties that are needed for successful melt casting, such as a
low vapour pressure, significant separation between the melting point and the temperature at which
decomposition occurs, and there should be no cracking or shrinking upon cooling [91-92]. Most melt
cast explosives do not generally meet all the requirements. Examples of melt cast explosives used by

the military industry include TNT, 2,4-dinitroanisole (DNAN), 1,3,3-trinitroazetidine (TNAZ).

A study by Kunzel et al, 2017, reports on the sensitivity and performance of ETN in a crystalline form
and in a melt cast form, the results of which indicate that there is no significant difference between
the two in regard to the sensitivity towards impact and friction [90]. However, other studies
investigating the sensitivity of ETN in its solid state and in molten form, show a large difference
between the impact sensitivity (Duso solid ETN 14.7 + 3.4 cm and Dyso molten ETN 1.0 £ 0.6 cm) [93].
It is suggested that this is due to hot spots caused by bubble collapse and increase in density or shear
forces in a liquid. Chemical analysis was conducted on the neat ETN and the molten ETN which had
been allowed to resolidify with results suggesting there was no significant difference between the
samples [93]. As a consequence, the authors suggest the difference in sensitivity between solid and
molten ETN is due to the phase change rather than chemical effects [93]. In addition, the effect of

impurities on the thermal stability of molten ETN was investigated. The results indicate that impurities
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lead to a decrease in the thermal stability; samples that had not undergone sufficient purification
began decomposition within 22 minutes at 90°C [93]. These samples had much lower activation
energies (24.5 and 4.6 kl.mol ) compared to samples that had been extensively purified (62.9 kl.mol

!) [93].

According to Oxley, Smith and Brown (2017) ETN is more powerful and more sensitive than TNT and
was thought to have potential to replace TNT in melt case explosives [89]. However, they suggest that
neat ETN may be too sensitive for melt casting and hence eutectic mixtures may be of use [89]. Some
of the eutectic mixtures investigated were ETN-TNT, ETN-PETN, ETN-DNAN etc. and it was shown that
ETN eutectic formulations show potential, however it is suggested that further testing should be

conducted [89].

Another study investigated the thermal behaviour and kinetics of mixtures of ETN with PETN or RDX
[15]. It was determined that mixing ETN with either PETN or RDX resulted in ETN being less sensitive
toinitiation. The ETN/RDX mixture resulted in decomposition of the RDX and ETN separately, however,
the ETN decomposition occurred at a higher temperature than for neat ETN and that the autocatalytic
decomposition of RDX was inhibited [15]. From these studies, there is potential for improvised melt
cast ETN and melt cast mixtures of ETN to be encountered by police and other first responders,

however the latter may be less likely due to the complexity of co-melt casting multiple explosives.

This research suggests that combining ETN with other explosives has potential to improve its
characteristics, it could also reduce the effectiveness of ETN and the explosives it is combined with.
Although there is significant research on melt cast ETN, there is little research on the effect of
combining it with stabilisers such as DPA and EC. Therefore, there is a gap in literature regarding the

stabilisation of ETN using conventional stabilisers that are successful for NC stabilisation.

1.6.3 Xylitol pentanitrate

Xylitol is another sugar substitute that can be converted into a short chain nitrate ester explosive
through nitration of the alcohol functional groups. Like erythritol, xylitol is also widely available in
supermarkets and is in high demand in the food industry. The market for xylitol is expected to exceed
USS 1148.6 million by 2023, with a compound annual growth rate (CAGR) of more than 5.7% during
2018-2023 [94]. The main drivers for the demand of xylitol are its use as a sugar alternative for
diabetics (the metabolism is insulin independent), it has a similar sweetness to sugar but with 40%

less calories and has been shown to reduce tooth decay compared to sucrose [94-97].

The method for the industrial production of xylitol used to rely on the conversion of D-xylose by
chemical hydrogenation in the presence of a nickel catalyst at elevated temperatures and pressure

[95, 97]. However, this method resulted in a recovery of 8-15% xylitol and the resultant product was
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very expensive due to the extensive separation and purification procedures used [97]. As there was a
high demand for xylitol, there was a requirement to find alternative preparation methods that are
cheaper and less laborious. Currently xylitol is manufactured using a thermochemical pre-treatment
of lignocellulosic biomasses which produces hemicellulosic hydrolysate, rich in xylose [96]. This is then

further purified and reduced to form xylitol [96].

Xylitol pentanitrate (XPN) is produced through the nitration of xylitol using a similar method as that
used to produce ETN [98-99]. Although it is reported by Wikipedia to be a liquid, it was first reported
as a crystalline solid with a low melting point [98, 100-101]. As it typically forms a liquid rather than a
crystalline solid, it hasn’t found much use as a military explosive, however, as the raw material is so

widely available, it is possible that it may become of interest to amateur experimenters and terrorists.

There has been little reference to XPN in literature, with 19 publications observed when conducting a
structure search on the SciFinder database, one of which makes up a chapter of this thesis. A search
of the term ‘xylitol pentanitrate’ on the SciFinder database also provides 19 publications, however
there are some differences to the articles found. From the term search, another paper that makes up
a chapter of this thesis is obtained, and one article is observed twice. From the publications found,
only 7 present experimental data, with 2 being a part of this thesis [102-103] and 1 publication which
presents computational IR data [104]. Of the 5 experimental data publications, 2 examine the thermal
stability and decomposition of XPN among other nitrate esters [85, 105], two report the
electrochemical properties [106-107] and one presents atmospheric pressure chemical ionisation-

mass spectrometry (APCI-MS) data [99].

The two studies that investigate the thermal stability and decomposition of nitrate esters, did so by
determining the activation energy, obtaining DSC and TGA data. The peak decomposition temperature
and critical temperature (the lowest temperature at which the material can be heated without
undergoing thermal decomposition) of 10 nitrate esters were determined [85, 105]. The first paper in
the series gave a theoretical order of stability with XPN being the second least stable nitrate ester
tested after mannitol hexanitrate (MHN) [85]. It was also stated that an increase in nitro groups results
in a lower activation energy, hence there is less energy needed to break the O-NO; bond. For XPN, the
activation energy was determined to be 140.1 kJ.mol™? (with the mean activation energy of all nitrate
esters tested being 145 kJ.mol?), the peak decomposition temperature was 184.4°C (with a heating
rate of 10 °C.min’, a pressure of 0.1 MPa and a mass of 2-3 mg) and the critical temperature was
calculated to be 169.3 °C [85]. The second paper, which reports the thermal stability and
decomposition of nitrate esters, is a follow on paper from the first [105]. In this paper they found the
mean activation energies of the 10 nitrate esters tested to be 152 kimol™?, while XPN has an activation

energy of 140.1 kJ.mol?, which is in agreement with the first study [105]. The decomposition pathway
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is again suggested to be through bond cleavage of the O-NO; bond with the theoretical bond
dissociation energy being 152-161 kJ.mol?. The study suggests that as all the nitrate esters tested
decomposed in liquid form, the crystal lattice of the molecule has no effect on decomposition and
hence the decomposition rate is dependent on the chemical structure of the molecule [105]. Again, it
is suggested that an increase in nitro groups results in a lower stability, hence XPN is less stable than
ETN [105]. Both studies also report the VOD and density of XPN, however, the reported values are
different in each study. The values for the VOD were found to be 7.10 km.s* and 8.61 km.s* and the
values for the density were reported as 1.58 g.cm™ and 1.72 g.cm™ [85, 105]. The second paper also

reported a heat of combustion of 2409.7 kJ.mol™* for XPN [105].

There is one study that investigates the mass spectrum of XPN through APCI-MS, along with sorbitol
hexanitrate (SHN) and MHN [99]. As is typical for nitrate esters, the APCI-MS was conducted in
negative mode with the molecular mass of XPN not being observed. Although some fragments such
as [XPN+NOQOs]’, [NOs] and various carbonate adduct ions were observed, dichloromethane (DCM) was
added to improve sensitivity and selectivity for the detection of MHN, SHN and XPN [99]. The addition
of chloride ions for nitrate ester analysis by mass spectrometry (MS) has been previously shown to
improve the selectivity and sensitivity of other nitrate esters, such as ETN. It was reported that each
nitrate ester followed a similar fragmentation pathway in the presence of DCM and produced chloride
adducts, such as [M+CI];, for XPN [99]. The ion at m/z 331.2 was either due to [XPN+NO,] or due to a
lesser nitrated by-product [XteN-H]" (e.g. xylitol tetranitrate (XteN)); LC-MS was used to determine if
the fragment occurred as a result of MS fragmentation or if there was a lesser nitrated by-product in
the starting material [99]. It is shown in the supplementary information that this ion could be from

either [XPN+NO,] or [XteN-H] as there was a XteN impurity within the sample [99].

Although there has been reports of some explosive performance data of XPN, such as VOD, the values
reported are inconsistent and hence there is a need for further investigation [85, 105]. Additionally,
there is a lack of information reported on the crystal structure of XPN, along with chromatographic,

Raman, nuclear magnetic resonance spectroscopy (NMR) and experimental IR data.

1.7 Methods of identification

1.7.1 Gas chromatography-mass spectrometry

GCis a technique which can separate complex mixtures. The system has either a packed column or a
capillary column with the latter being more commonly used [108-111]. Capillary columns are hollow
tubes of varying lengths (most commonly 30 m long) with the inner wall coated with a liquid stationary
phase of varying thickness [108, 111]. While liquid chromatography (LC) uses a liquid mobile phase,
GC uses a gas mobile phase [108, 111-112].
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The sample is injected into the gas chromatograph which vaporises the sample. The gas is then
transported through the column, which is where separation occurs, with compounds which have a
higher affinity to the stationary phase eluting later than those with a lower affinity [108, 111-112]. As
components elute from the column, they pass into a detector which elucidates a response which is
plotted against time. The retention time of a compound can provide qualitative data, whereas the
area or height of the peak produced can provide quantitative data. The retention time of a compound
should remain constant so long as identical chromatographic conditions are used. For a compound to

be analysed by GC, it must be thermally stable and volatile [108, 111-112].

The two most common detectors used for GC are the flame ionisation detector (FID) and a mass
spectrometer [108, 112]. With an FID, the compound is mixed with hydrogen and a makeup gas before
exiting the column through a jet tip. The jet tip has a high air flow surrounding it. As the hydrogen is
combustible in air, the column effluent is burned, forming ions [108, 112]. These ions form a small
current when a potential difference is applied. An FID has high sensitivity and a linear range for
compounds containing carbon and this detector produces a response which is proportional to the

number of carbon atoms in the molecule [108, 112].

An electron ionisation MS ionizes compounds by bombardment with a highly energetic electron beam
(70 eV) [108, 112]. Depending upon the structure of the molecular ions thus produced they survive
intact or undergo some extent of fragmentation into characteristic ions; the mixture of molecular ions
and fragment ions are accelerated into the mass analysing device. There are many types of mass
analysers which can be used such as a quadrupole, time of flight (TOF) or an ion trap [108, 112]. Many
mass analysers (with the exception of TOF devices) only allow selected fragments with particular mass
to charge ratios (m/z) to pass though at any one time to the detector (usually an electron multiplier)
which is where a signal is produced [108, 112]. A mass spectrum, depicting the abundance of
molecularions and fragments, is produced by scanning the mass analyser to allow all ions to eventually
be collected. A plot of total ion count vs time provides a total ion chromatogram whereas, a plot of a
particular ion count vs provides a selected ion chromatogram. At each peak in the chromatogram the

mass spectrum can be viewed.

GC-MS has been used to analyse nitrate esters and their decomposition products. While nitrate esters
such as NG can be suitable for GC analysis, the temperatures of the GC can cause decomposition.
Additionally, mass spectra of nitrate esters may be similar. A study by Oxley and colleagues [12] found
that GC-MS of ETN and other nitrate esters contain the m/z peaks of 46 and 76, which are the only
diagnostic peaks observed. This is problematic as GC-MS is unable to differentiate between various
nitrate esters, using mass spectra only, hence standards are used to identify the chromatography

peaks [12]. Oxley et al also suggest that ETN degrades in the chromatography column and injection
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port of a GC-MS due to high temperatures. To address this problem, a column was cut from 30 m to
10 m in order to reduce the time ETN was subjected to high temperatures [12]. Additionally, the
optimal injection port temperature was determined to be 100 °C, with decomposition observed when

the inject port temperature was above 150 °C.

GC-MS has also been used for the analysis of NC based propellants [28, 113-114]. This is conducted by
analysing the stabiliser and stabiliser derivatives in the propellant as it ages. Samples may undergo
artificial ageing at high temperatures to simulate prolonged storage [28]. The concentration of
stabiliser and the stabiliser derivatives can be monitored by [28-29, 38, 41, 113, 115]. It is thought that
GC-MS could be used for ETN decomposition analysis to determine if ETN can be stabilised in a similar
manner to NC. It should be noted that GC-MS is not the typical method for analysis of NC based
propellants with DPA as a stabiliser. This is due to the main derivative of DPA, N-NO-DPA, thermally
degrading back to DPA [28, 113-114].

1.7.2 Liquid chromatography-mass spectrometry

One of the most common techniques for nitrate ester analysis is LC or an LC with MS attached [12, 17,
84, 87, 116]. LC is a technique that separates compounds based on their polarity [108]. There are two
main types of LC known as normal phase and reverse phase LC, with the latter being the most
common. Normal phase LC has a polar stationary phase, such as amino or dimethylamino compounds,
and a non-polar mobile phase, whereas reverse phase LC uses a non-polar stationary phase, such as
C-18, and a polar mobile phase [108-109]. The time taken for a compound to elute from the stationary
phase is called the retention time. This retention time is unique and is dependent on the interactions
a compound has with the stationary phase; the more interactions, the longer it takes to elute [108-

109].

Upon exiting the column, the molecules enter a detector where a physicochemical response gives rise
to a chromatogram. One of the most common detectors used in HPLC is a diode array detector (DAD)
which is a UV detector [108, 117-118]. A DAD is able to provide detection at either a single wavelength
or multiple wavelengths and depending on the lamp used, it can emit radiation from 190-900 nm [108,
118]. The radiation passes through a flow cell and then a mechanically controlled slit. This is then
passed through a grating which disperses the radiation into individual wavelengths [118]. An LC
chromatogram plots the integrated light intensity over the wavelength range against the retention

time [108, 117].

HPLC does not provide structural identification. However, when combined with MS, structural
elucidation of the test species is possible [108]. There are two common ionisation methods used for

LC-MS, namely electrospray ionisation (ESI) and atmospheric pressure chemical ionisation (APCI) [108-
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109, 118]. Upon elution from the column, the molecules are passed into an ion source and converted
to gas phase ions before entering the high vacuum of the MS. Like with GC-MS, a mass analyser is used
to separate ions based on the m/z ratio, with the most common mass analysers being the quadrupole,
TOF and ion trap [108]. The detector is then used to count the number of ions at each m/z value giving

rise to a mass spectrum [108].

Electrospray ionisation is a soft ionisation technique [108]. This is because it applies little energy to
the molecule and hence the ions formed typically remain intact [108, 118]. The solution is introduced
into a capillary which has a high electric field at the end. This causes the solvent to become positively
charged. Evaporation of the solvent occurs until the electrostatic repulsion is larger than the surface
tension, where it reaches its Rayleigh limit and becomes unstable. This causes coulomb fission to occur
which produces smaller, more stable droplets. This process continues until the droplets are of a certain
radius and form gas phase ions which move into the mass spectrometer [108-109, 118-121]. This
process can be enhanced with the addition of heat, collision induced dissociation, dry curtain gas etc
[119]. These are then passed into a heated region causing the droplets to desolvate creating charged
analyte ions which move into the mass spectrometer [108-109, 118]. As ions tend to remain intact,
ESI-MS generally provides molecular or adduct ions e.g. [M+H]* or [M+Na]* [108, 118]. ESI can be
operated in positive or negative mode, with the polarity being changed from positive to negative by
changing the polarity of the potential imparted on the spray capillary [108-109]. In negative mode ESI-
MS, ions such as [M-H] and [M+Cl]  are produced [108].

In APCI-MS, a corona discharge is used to ionise the column eluent under ambient conditions [108-
109, 118]. The column eluent is first sprayed into a heater jacket which causes the eluent to vaporise.
Once vaporised, it is passed over a corona discharge needle [108-109, 118]. In APCI-MS, methanol can
be included in the mobile phase to form CH3OH," ions which can then be used for proton transfer to
form positively charged ions [108]. Therefore, it is typically the bulk solvent which is ionised by the
corona discharge and in turn collides with the eluent vapour molecules to initiate charge transfer [108-

109].

ESI-MS can be used for a large range of compounds, including large proteins, whereas APCI-MS is
limited to molecules under 2000 Da [108, 118]. ESI-MS and APCI-MS are considered complementary
techniques, meaning when one fails, the other can often be used instead [109]. They can also both be
used as direct injection-MS techniques, which involves injecting the analyte solution directly into the

mass spectrometer without the use of a separation technique.

As discussed previously, LC-MS has been used to determine the decomposition products of ETN [12],

whereas direct MS was used to monitor the loss of ETN under different environmental conditions over
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time [84]. It has been found that nitrate esters can be difficult to identify using MS as they tend to
form adducts with any impurities in the system and with decomposition products of the nitrate ester;
Hence molecular ions aren’t usually seen [116]. A study was conducted where additives such as
ammonium nitrate, ammonium chloride, carbon tetrachloride etc., were added to the LC-MS system
to promote chloride or nitrate adduction with the nitrate esters [116]. It was observed that
ammonium nitrate and ammonium chloride were superior to other additives [116]. In the study by
Oxley et al. (2012) which identified decomposition products of ETN, carbon tetrachloride was added
to the mobile phase to form chlorine adducts [12], whereas Oxley et al. (2017) and Rapp-Wright et al.
(2017) used ammonium chloride or ammonium acetate to produce adduct ions which were then
probed using LCMS [17, 87]. Therefore, for analysis of ETN by LC-MS, method development will need
to be conducted to determine which additive will provide suitable mass spectra and to determine the

best mobile phase.

As mentioned previously, there is one article in the literature which reported the mass spectrum of
XPN using APCI-MS [99]. As with other nitrate ester explosives, such as ETN, [M-H] ions were not
observed; with the addition of dichloromethane, chloride adducts were formed [99]. Although APCI-
MS has been reported for XPN, ESI-MS is not observed in literature. This gap will be addressed using
direct mass spectrometry techniques, which do not require chromatographic separation, such as
direct-ESI-MS and a technique known as direct sample analysis-time of flight-mass spectrometry (DSA-

TOF-MS) will also be used to obtain mass spectra of XPN and ETN.
1.7.3 Vibrational spectroscopy

Raman and IR spectroscopy are based on the interaction of electromagnetic radiation with molecules
[122]. Electromagnetic radiation travels through a vacuum at the speed of light (c= 2.99 x 10® m.s)
and is related to wavelength (A), the length of one complete wave cycle, and frequency (v), the number
of wave cycles that pass through a point in one second (Equation 4) [108, 117, 123-124]. The IR region
of the electromagnetic spectrum corresponds to the vibrational energy level transitions within a

molecule; the photons in this region do not have enough energy to cause electronic transitions [108].

Equation 4: The relationship between frequency (v), wavelength (A) and the speed of light (c)

C
V==

A

The way in which the energy is transferred differs between IR and Raman [122]. IR directly measures
the vibrational energy level transitions as a result of IR radiation absorption [122]. Raman is a light
scattering event where an incident photon of frequency higher than the infrared region loses energy

to the molecular vibration of a molecule [122, 124]. The scattered photon has a reduced frequency
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compared to the incident photons [122, 124]. IR and Raman spectroscopy are complementary
techniques. They both provide information on the functional groups of a molecule as different
functional groups will absorb IR radiation at specific wavelength which will induce different vibrational

modes within a chemical bond [122-123].

For a molecule to be IR active, the absorbed radiation must cause a change in dipole moment; this
occurs when two covalently bonded atoms differ in electronegativity [108, 122-124]. Therefore,
homonuclear diatomic molecules, such as Cl;, H, and N;, are not IR active [108, 122-123]. For a
molecular bond to be Raman active, there must be a change in polarizability of the molecule [122-
124]. Bonds that are non-polar, such as N, and C=C, can undergo this change in polarisation and

therefore produce intense peaks in Raman [122-124].

The spectra obtained from IR and Raman experiments depict a plot of the intensity of absorption (IR)
or emission (Raman) as a function of wavenumber (IR) or wavenumber shift from the laser excitation
frequency (Raman), with the wavenumber being inversely proportional to wavelength (Equation 5).
The vibrational bands observed in the spectra are unique to functional groups and hence provide
unique spectra for different molecules; IR and Raman are considered fingerprint techniques as no two
molecular structures will produce the same spectrum [108, 122-123]. The spectra are able to provide
information about the molecular structure and it is possible to identify unknown species by

comparison to IR and Raman spectral databases [122].

Equation 5: The relationship between wavenumber (V) and wavelength (A)

1
V=2

Since the early 2000s, the use of Raman and IR for field testing of explosives has increased due to the
development of portable instruments and the frequency of terrorist threats [125]. While GC-MS and
LC-MS require some degree of sample preparation, Raman and IR can be conducted with very little, if
any, sample preparation [126]. Due to the nature of the instruments, only mg quantities of an
explosive are needed for analysis and a spectra can be acquired within a few minutes [126]. Raman
and IR spectra have been well documented for the nitrate ester explosives, NG, PETN and ETN [36, 78,
81-82, 126-132]. However, as has been previously discussed, there is only one article found relating
to IR of XPN [104]. This article provides computational data only, hence there is a lack of IR and Raman
experimental data of XPN in literature. First responders and the forensic and military communities

would find the addition of this information to be of high interest.
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1.7.4 Nuclear Magnetic Resonance Spectroscopy

All atomic nuclei have a nuclear spin (I) which is dependent on the mass number and the atomic
number of the nucleus [124, 133]. Nuclei that have an odd number of protons and/or an odd number
of neutrons are spin active. This means their nuclei act as though they are rotating on the nuclear axis
[124, 133]. For nuclei to be suitable for NMR, they cannot have a spin of 0, e.g. C*2 and O have a spin
of 0 and hence are not suitable for NMR [124, 133].

When a magnetic field (Bo) is applied to an atomic nuclei, the nuclear magnetic moment (u)- the
magnetic moment of the nucleus which arises from the spin of the protons and neutrons- orients itself
within allowed orientations [124, 133]. A nucleus with a spin, |, will have possible allowed orientations

given by 21 + 1. The orientations are given by the value of the magnetic quantum number (mz). m;

has values of -1, -1+1, ....., I-1, I. For a nucleus with a spin of > it will have 4 possible orientations, I =

(2 * (g) + 1), and therefore have m; values of — %, — %, %, and % [124, 133]. The selection rule for NMR

is Am; = 1, therefore m; can only change by one unit. The magnetic field causes the spin states to
split into different energy levels. The difference in the energy between the two spin states is directly
proportional to the magnetic field strength, given by Equation 6, where the difference is energy

corresponds to the energy of radio waves [124, 133].

Equation 6: The energy difference between to spin states
hyB,

AE
21

In Equation 6, h is planks constant, y is the gyromagnetic ratio and By is the magnetic field strength.

Although it may seem like two spin nuclei would have the same energy difference when placed in the
same magnetic field, this is not the case. The atoms and electrons surrounding the nuclei influence
the local magnetic fields at the nuclei [124, 133]. A peak position, chemical shift (8), in an NMR
spectrum is reported in parts per million (ppm) and is reported relative to a reference material [124,
133]. For 'H NMR, the reference material is typically tetramethylsilane (TMS). In a *H NMR spectrum,
the protons which appear upfield (lower ppm) are in electron rich environment and are magnetically
shielded (i.e., their local magnetic field strength is relatively low), whereas protons that appear
downfield are in an electron poor environment and are deshielded (i.e, their local magnetic field
strength is closer to the applied magnetic field strength) [124, 133]. For CH,, the chemical shiftis 1.0
ppm, however, if a hydrogen is replaced with electronegative atoms, the protons become deshielded,
e.g. CHsl= 2.2 ppm, CHsCl= 3.1 ppm [124]. Double and triple bonds in molecules also affect the

shielding of a proton, with an alkene deshielding protons and an alkyne shielding them. Each chemical
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shift in an NMR spectrum can be related to a number of hydrogens; if two protons have the same

environment, they are chemically equivalent and will have the same shift in *H NMR [124, 133].

NMR provides important structural information by observing the interplay of different nuclei, such as
1H and 3C, contained in the molecule. Hence, NMR is useful in determining the structure of unknowns
and determining sample purity. The NMR spectra for NG, PETN and ETN are well documented [17, 81,
134]. However, there is no literature containing NMR data for XPN. As NMR instrumentation has
progressed, benchtop NMR has been developed with Bruker selling an 80 MHz NMR
spectrophotometer that can fit inside a fume hood [135]. Although the benchtop NMR has a lower
magnetic field strength, leading to lower resolution spectra, some laboratories may not have the space
for an NMR with higher magnetic field; therefore, it would be beneficial to obtain spectra for the

nitrate ester explosives using a benchtop NMR.
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Chapter 2: Analysis of Nitrate Ester Explosives Using Cold-El GC-MS

The research conducted in this chapter was peer-reviewed and published. This first appeared in:

Stark, K. A. S.; Fitzgerald, M.; Lenehan, C. E.; Kirkbride, K. P., Analysis of Nitrate Ester Explosives Using
Cold-El GC-MS. In 50th International Annual Conference of ICT, Karlsruhe, Germany, 2019.

For the purposes of this publication, the approximate contribution of each author was Stark, K.A.S.

50%, Fitzgerald, M. 20%, Kirkbride, K.P. 20%, and Lenehan C.E. 10%

The full text of the publication has been incorporated in Chapter 3 below.

Please note- Minor formatting amendments have been performed to the presentation of the
publication to keep it consistent with the presentation of the thesis, however text and data remain

unchanged from the published version
2.1 Chapter Summary

XPN is a nitrate ester explosive that is gaining interest due to the increased availability of its precursor.
A GC-MS method has been developed for this explosive. Electron ionisation (EI) GC-MS spectra of
nitrate esters typically do not display a molecular ion; often only 46 and 76 m/z ions are detected. This
makes it difficult to identify an unknown nitrate ester without the use of standards and retention time
data. A cold-El MS method has been developed that can distinguish between the nitrate esters NG,

ETN, PETN and XPN. Differentiation was possible due to the presence of high m/z ions.
2.2 Introduction

XPN is a nitrate ester explosive that is rarely mentioned in the literature. It was first isolated as a
crystalline product in 1960, however, literature discussing the substance dates back to the late stages
of the 19" century [100]. One factor that could have contributed to the lack of interest in XPN as a
military or improvised explosive was that xylitol, the precursor to XPN, was expensive to manufacture.
However, due to new manufacturing methods, driven by the food industry, xylitol may now be
produced cheaply and in bulk quantities by the reduction of xylose, which is derived from wood waste.
[136]. Consequently, it is expected that there will be an increase in illegal and legitimate use of XPN
analogous to what has occurred for ETN, a shorter chained homologue of XPN. As such, analytical
methods for the identification and analysis of XPN are important, as are methods to distinguish this

species from similarly structured and commonly produced nitrate esters, such as NG, PETN and ETN.
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Nitrate ester explosives can be identified using a variety of chromatographic techniques, however they
are prone to thermal degradation during GC [137]. In addition, when GC is combined with MS using
conventional El, the nitrate esters that survive chromatography typically do not display a molecular
ion; mass spectra of nitrate ester explosives often only show ions at 46 and 76 m/z [137]. Although it
is possible to identify an unknown as a nitrate ester due to the presence of the 46 and 76 ions, further

identification is not possible without the use of standards and comparison of retention time data.

Cold electron ionisation (cold-El) offers some potential for the GC-MS analysis of energetic materials,
including nitrate esters. Here the eluent exiting the GC column is converted into a supersonic
molecular beam or jet [138]. This is achieved by diluting the eluent in a flow of make-up gas (helium)
and then forcing the mixture at high speed through a small nozzle into a vacuum and through a pinhole
into the ion source. This causes analyte molecules to lose energy via vibrational and rotational cooling
prior to entering the ion source, which in turn minimizes analyte fragmentation after ionization and,
consequently, an increase in abundance of molecular and high m/z ions [138]. Another benefit of this
technique is that ions are less likely to suffer collision with the hot interior surfaces of the ion source,
which is another cause of ion fragmentation. Although a range of electron energies can be employed
in conventional EI MS, an energy of 70 eV is commonly used. Commercially available cold-EI MS
equipment allows a reduction in the electron ionisation energy to further enhance the abundance of

molecular or high m/z ions, though this technique is not effective for all compounds [139-140].

Fialkov and Amirav have studied the use of cold-El for analyses of NG and PETN. Although less
fragmentation was observed compared to conventional EI-MS, they suggest that cold-El is unable to
provide molecular ion information [140]. As such, they used cluster chemical ionisation (cluster Cl),
which utilises a similar approach to cold-El with the exception that methanol vapour is mixed with the
make-up gas and GC column eluent [140]. This method was successful at obtaining molecular ions for
NG and PETN, however it is an approach that is not yet commercially available. Although cold-El mass
spectrometry of nitrate ester explosives may not produce molecular ions, it has been shown to yield
high m/z ions of relatively high abundance. The purpose of this article is to: 1) explore the use of cold-
El GC-MS for the analysis of XPN, and 2) determine if XPN may be distinguished from the more

common nitrate ester explosives NG, ETN and PETN.
2.3 Experimental
2.3.1 Reagents

XPN and ETN were provided by the Defence, Science and Technology Group (DST Group, Australia),
HPLC grade DCM was purchased from Sigma Aldrich (Sydney, Australia) and ETN, NG and PETN
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(Accustandard brand) were purchased from Novachem (Melbourne, Australia) as 1 mg.mL* solutions

in acetonitrile.

2.3.2 Gas chromatography of XPN

A PerkinElmer Clarus 680 gas chromatograph coupled with a PerkinElmer Axlon iQT MS/MS system
equipped with a PerkinElmer cold-El source was used for analysis with a J&W DB-5 column (0.25 mm
internal diameter with a 0.25 um film thickness) cut to 10 m in length. A CTC CombiPal autosampler
was used with a 0.5 pL injection volume. NG, ETN, PETN and XPN were diluted with DCM to a working

concentration of 0.1 mg.mL™

The optimal conditions for GC analysis of XPN were determined to be an injector temperature of
160°C, carrier gas flow rate of 1.5 mL.min, oven program beginning at 40°C with a 20°C.min"! ramp
to 130°C, followed by a 5°C.min"! ramp to 175°C and 20°C.min"! ramp to 280°C. The make-up gas flow
rate for the cold-El accessory was 60 mL.min™, source temperature was 150°C and transfer line
temperature was 200°C. The electron ionisation energy used was 70 eV with a mass range of 45-500

m/z.
2.4 Results and discussion

2.4.1 GC conditions

The gas chromatogram of XPN, measured using a 30 m column, did not produce a peak diagnostic of
that species. This was expected, as it has been reported that the four carbon nitrate ester homologue,
ETN, underwent thermal decomposition on a 30 m column [12]. Consequently, the experiments
reported here made use of a column cut to 10 m and XPN was observed to elute at 9.6 minutes when
a 160°C injection temperature was used with an oven program beginning at 40°C, with a hold for 1.5
minutes, and a temperature ramp of 15°C.mint to 280°C. The ion source was set at 200°C and the
transfer line at 200°C. The carrier gas flow rate was 1.5 mL.mint and the cold-El make-up gas flow rate
was 60 mL.mint. While it was possible to detect XPN with these conditions, repeatability was poor.
This may be attributed to the temperature at which XPN eluted (180°C) being above its decomposition
temperature (140°C), reported using DSC [85, 141]. To minimize exposure of XPN to heat within the
column the flow rate was increased to 4 mL.mint. Although the average linear velocity of the carrier
gas was determined to be 74.2 cm.sec, for a column of the dimensions used and He as carrier gas,
the height equivalent to a theoretical plate is within 80 % of its maximum, which is consistent with
adequate performance. The oven program and injector temperature were then varied to further
optimise the signal intensity for the XPN peak. A lower oven temperature program rate (10°C.min?),

isothermal runs (140°C and 160°C), a higher oven temperature program rate (20°C.mint) and a multi-
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linear oven temperature program were trialled. Injection temperatures from 160°C to 220°C were also

tested.

The current optimal GC conditions (used to acquire the chromatogram depicted in Figure 19) were:
an injection temperature of 160°C; a multi-linear oven program (beginning at 40°C, ramping at
20°C.mint to 130°C, at 5°C.min! to 175°C, and at 20°C.min"* to 280°C); an ion source temperature of
150°C; a transfer line temperature of 200°C and a make-up gas flow rate of 60 mL.min’. Under these
conditions, which gave an elution temperature for XPN of 157°C, the retention time and mass

spectrum of the target species were repeatable.
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Figure 19: Gas chromatogram of XPN (10.5 min) and DPA (7.2 min) obtained using the optimal conditions. The peak at 15.6
minutes was tentatively identified as 4-nitro-DPA by comparison against a NIST library spectrum. The significance of the DPA

and 4-nitro-DPA peaks are discussed later.
2.4.2 Cold-El of nitrate ester explosives

The nitrate esters NG, PETN, ETN and XPN were examined using GC coupled with cold-El MS to
determine if these species could be differentiated. Each of the nitrate esters were subjected to GC
using the optimised conditions for XPN with varying electron voltages (5 eV to 70 eV) and make-up
gas flow rates (30 mL.min* to 90 mL.min). As expected, a higher make-up gas flow rate resulted in

an increased abundance of the higher mass ions with respect to the base peak (46 m/z for all nitrate
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esters examined), however at low and high make-up gas flow rates, the total ion signal magnitude
diminished for all analytes. Therefore, there is a trade-off between limits of detection and mass
spectral selectivity, with a make-up gas flow rate of 60 mL.min™? observed to achieve the best
compromise. Reducing the electron ionization voltage from 70 eV has been shown to enhance the
intensity of the molecular ion for some compounds [139], however for the nitrate esters examined in
this study there was no significant difference. As a reduction in ionization voltage also results in a
decrease in total ion abundance for each analyte, 70 eV was used for measuring all spectra reported

herein.

Spectra for all nitrate esters studied displayed the typical 46 m/z [NO,]* and 76 m/z [CH,ONO,]* ions.
NG also gave a diagnostic ion at 151 m/z (Figure 20). PETN displayed an ion at 240 m/z (Figure 21) and
ETN gave a 226 m/z ion and the ion at 151 m/z also observed for NG (Figure 22). XPN gave a similar
spectrum to ETN (Figure 23), except for a large 193 m/z ion. Although molecular ions were not
observed for any of the nitrate esters, it was found that each produced unique mass spectra that

allowed differentiation between them.
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Figure 20: Mass spectrum of NG obtained with an electron ionisation energy of 70 eV and a makeup gas flow rate of 60 mL.min
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Figure 21: Mass spectrum of PETN obtained with an electron ionisation energy of 70 eV and a makeup gas flow rate of 60

mL.min™.
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Figure 22: Mass spectrum of ETN obtained with an electron ionisation energy of 70 eV and a makeup gas flow rate of 60 mL.min®
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Figure 23: Mass spectrum of XPN obtained with an electron ionisation energy of 70 eV and a makeup gas flow rate of 60 mL.min
1.

There is an ion at 151 m/z in the cold-El mass spectrum of NG. This ion is also detected in low
abundance in the mass spectrum of other nitrate esters, with the exception PETN, where it is absent.
Structure (1) is tentatively assigned to this ion (Figure 24); this ion cannot be produced from PETN due
to the absence of a methine carbon atom in the molecule. Presumably, for NG this ion arises via the
homolytic cleavage of the terminal C-C bond resulting in loss of CH,-ONO; radical. In the MS of ETN,
which is the next higher homologue of NG, the corresponding next higher homologue of ion (1) at 226
m/z is observed (presumably structure 2, Figure 24) as well as ion (1) in lower abundance. lon (1) from
ETN could arise from loss of O,NO-CH-CH,-ONO; radical. As expected, XPN produced ions (1) and (2)

as a result of analogous fragmentations.
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Figure 24: Postulated structures for the 151 and 226 m/z ions derived from nitro esters under cold-El.

Surprisingly, XPN produced an ion at 193 m/z in high abundance. The mass of this ion suggests a
formula CsHsNsO7*, which is difficult to rationalize via simple fragmentations from XPN. The presence
of 3 hydrogen atoms in the ion suggests two possible mechanisms: a) both CH,-ONO; groups have

been lost from XPN in addition to 2 oxygen atoms, or b) XPN loses O,NO-CH-CH,-ONO; as well as a
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hydrogen atom and 2 oxygen atoms. The loss of 2 oxygen atoms suggests that a rearrangement takes
place that produces a peroxy bond that further rearranges to extrude dioxygen in either mechanism
a) or b) above. As the loss of 0,NO-CH-CH,-ONO; radical from XPN would produce ion (2), which is also
evident in the MS of ETN, then the spectrum of ETN may also be expected to feature a peak at 193

m/z if mechanism b) operates. As no peak is present, mechanism a) is proposed as the more likely.

A possible pathway is tentatively proposed for mechanism a), whereby the molecular ion of XPN (3)
undergoes the loss of two CH,-ONO, moieties as depicted in Figure 25 to produce ion (4) of 225 m/z,
which in turn rearranges to produce the peroxy ion (5) that then undergoes what should be an
entropically favourable extrusion of dioxygen to form ion (6) of 193 m/z. Although Figure 25 depicts
the formation of (4) via a two-electron movement, it is possible that (4) could be produced via one-

electron movement or a stepwise loss of two CH,-ONO, radicals followed by cyclization.
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Figure 25: Postulated mechanism for the production of the 193 m/z ion from XPN under cold-El.

While the GC-MS data displayed above were repeatable, consistency was difficult to achieve even
under optimal conditions. On occasions it was not possible to detect any of the nitroesters, even

though injection of a solution of a test substance (methyl heptadecanoate) indicated that the
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instrument was functioning correctly. Analytical success required a clean and deactivated injection
liner, but even the installation of a new liner on occasions did not instantly restore the expected
nitroester signal. This may be attributed to some XPN decomposing in the injector end of the GC
column and the products of decomposition thus arriving at the MS during the solvent delay period (2
minutes). To further explore this, DPA was co-injected with XPN. From these experiments a peak
identified as a 4-nitro-DPA was detected as well as XPN (see Figure 19). The signal magnitude for 4-
nitro-DPA appeared to be negatively correlated to the signal magnitude for XPN as GC operating
conditions were varied. This suggests that decomposition of XPN takes place upon injection,
presumably to yield nitrous acid that nitrates DPA before the compounds traverse the GC column

where they otherwise usually would be separated.
2.5 Conclusions

A cold-El GC-MS method has been developed that is suitable for the analysis of the nitrate ester XPN.
As this nitrate ester is very thermally labile, it is necessary to reduce the time that the analyte is on
the column. It was determined that a shorter column, higher flow rate and lower ramping
temperatures increased the signal intensity of XPN. This chromatographic method is also applicable
to NG, ETN and PETN and when used in conjunction with cold-El MS, all the nitrate esters studied
could be distinguished from one another by characteristic, high molecular weight ions. The XPN
molecular ion appears to undergo a rearrangement that is not available to the other nitrate esters
examined. This led to the formation of a 193 m/z ion, which has been tentatively assigned as 1-nitrato-

2,3-dinitritocyclopropane.

While a measure of success was achieved in the analysis of low molecular weight nitroesters using GC-
MS, the process is not simple and is prone to unpredictable failure, which potentially could lead to an

unacceptably high type 2 error rate in an operational analytical laboratory.
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Chapter 3: Characterisation of Xylitol Pentanitrate

The research conducted in this chapter were peer-reviewed and published. This first appeared in:

Stark, K.-A. S.; Gascooke, J. R.; Gibson, C. T.; Lenehan, C. E.; Bonnar, C.; Fitzgerald, M.; Kirkbride, K. P.,
Xylitol pentanitrate — Its characterization and analysis. Forensic science international 2020, 316,

110472-110472.

For the purposes of this publication, the approximate contribution of each author was Stark, K.A.S.
55%, Gascooke, J.R. 5%, Gibson, C.T. 5%, Bonnar, C. 5%, Kirkbride, K.P. 10%, Lenehan, C.E. 10%,
Fitzgerald, M. 10%.

The full text of the publication has been incorporated in Chapter 3 below.

Please note- Minor formatting amendments have been performed to the presentation of the
publication to keep it consistent with the presentation of the thesis, however text and data remain

unchanged from the published version
3.1 Chapter Summary

Xylitol is a polyhydric alcohol that may be nitrated to form an explosive (XPN). Consequently, forensic
and first response personnel may encounter XPN in post-blast residues or as a bulk material. Despite
this, key analytical data for XPN that may be used in first response or forensic operations to aid its
detection are not yet available in the literature. The present article provides infrared spectrometry,

Raman spectrometry, NMR, chromatography, and mass spectrometry data to address this knowledge
gap.

3.2 Introduction

Short-chain polyhydric alcohols are precursors for the commercial preparation of explosives such as
ethyleneglycol dinitrate (EGDN), NG and PETN. The illegal manufacture of these and other non-
commercial nitroesters, such as ETN, is of concern to authorities responsible for the investigation of

criminal and terrorist activities [1].

Xylitol (structure 1, Figure 26) is one of three possible stereoisomers of pentane-1,2,3,4,5-pentol, and
has the 2R, 3r, 4S configuration. Due to the plane of symmetry in its structure, xylitol is achiral, similar
to its related 2R, 3s, 4S isomer ribitol, but unlike its other stereoisomer arabitol, which occurs as 2R,

4R and 28§, 4S enantiomers.
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Xylitol may be nitrated to give XPN (structure 2, Figure 26) [2,3], a straight-chain homologue of EGDN,
NG and ETN. XPN has been described as a plasticizer for double-base propellants [4] and although it is
reported to be a liquid in the publicly-available source Wikipedia [5], it was first described in the
scientific literature as a crystalline solid with a low melting point [98]. Recently, single crystal X-ray
analysis of the nitrate ester of xylitol confirmed the pentanitrate, structure 2, in Figure 26 [7]. That
work also reported a theoretical velocity of detonation for XPN of 8.780 km.s™?, which is comparable
to values reported for ETN and PETN, and marginally higher than the entirely computationally derived
value of 8.610 km.s™ reported previously [8]. XPN exhibits higher friction and impact sensitiveness
compared to ETN and PETN [7] and the work of Yan et al. [8] indicates that XPN has a lower critical
temperature for thermal decomposition than ETN, which in turn has a lower critical temperature than

PETN.

Asurvey of the open literature (CAS SciFinder Scholar structure search performed 16/11/2019) reveals
only 19 publications referring to XPN. Of these publications, only six present experimental data related
to its analysis. Of the six analytical publications, two examined its thermal stability and decomposition
kinetics using thermal analysis [8, 10], one reported a crystal structure [7], two report electrochemical
properties [11, 12], and one presented atmospheric pressure chemical ionisation (APCl) mass

spectrometry data [3]. There are no reports of Raman, infrared or nuclear magnetic resonance data.

The purpose of this article is to address this knowledge gap by providing Raman, infrared, high and
low field nuclear magnetic resonance and mass spectrometry data for XPN. These techniques are
typical of those used by first responders and forensic analysts and the data presented will be useful

references for forensic and counter-terrorism investigations.

OH OH OH ONO, ONO, ONO,

OH OH ONO,  ONO,

Figure 26: Structures of xylitol (1) and xylitol pentanitrate (2)
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3.3 Experimental

3.3.1 Reagents

Xylitol, 98% sulfuric acid, acetic anhydride, toluene, and ethanol (Sigma-Aldrich, St Louis, USA) were
used as received. Red fuming nitric acid (Sigma-Aldrich, St Louis, USA) was distilled before use. HPLC-
grade methanol, d6-acetone, d3-chloroform, DCM, ammonium chloride, ammonium nitrate and 98%
formic acid were purchased from Sigma-Aldrich (Sydney, Australia). Ammonium acetate was

purchased from BDH Laboratory Supplies (Poole, England)

3.3.2 Synthetic Procedure

Caution: XPN is a sensitive primary explosive and as such should only be synthesised in minimal

guantities by experienced and appropriately trained chemists, in purpose-built explosive laboratories.

XPN was synthesized using a literature procedure [2] then twice recrystallised from ethanol/water and

shown to be free from lesser nitrated species by liquid chromatography.

3.3.3 Infrared spectrometry

IR spectra were collected using a Perkin EImer Frontier FTIR spectrometer (Perkin Elmer, Waltham,
MA, USA) operating over a spectral range of 600-4000 cm™ at a resolution of 4 cm™and by co-adding
20 scans. Transmission spectrometry was carried out using a thin film of melted XPN whereas
attenuated total reflectance (ATR) spectra were collected using solid XPN with the aid of a diamond

ATR accessory (Perkin ElImer, Waltham, MA, USA).

Infrared microspectrometry performed on individual needles of XPN was carried out using a Nicolet
Nexus 870 spectrometer attached to a Nicolet Continuum microscope equipped with a 15 x Cassegrain
objective (NA 0.5) and a narrow band MCT detector (Thermo Fisher, Waltham, MA, USA). Data were
acquired through a 20 x 100 um diaphragm using 4 cm™ resolution over the spectral range 4000-700

cm and by co-adding 128 scans.

3.3.4 Raman spectrometry

Raman data were obtained using an XplorRA Horiba Scientific confocal Raman microscope (Horiba
Scientific, Kyoto, Japan). Frequency calibration was achieved by assigning the signal from a silicon
wafer to 520 cm™. Spectra were acquired using a 50X objective (numerical aperture 0.55) and an
excitation wavelength of 532 nm. A 1200 grooves/mm grating was used to acquire the Raman spectra
giving peak positions accurate to ~ + 2 cm™. The typical integration times for the Raman spectra was
20 seconds for 6 accumulations at a power level of 1.2 mW. The sample was placed on a glass slide

and Raman spectra were acquired at 5 separate positions on the sample surface.
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3.3.5 Spectral data modelling

Quantum chemical calculations were performed using the Gaussian 09 suite of programs (Version 09,
Revision B.01). Density functional theory (DFT) calculations were performed using the B3LYP
functional with the 6-31G(d) basis set. Computed vibrational frequencies were scaled by a factor of
0.9613 [13]. IR and Raman spectra were simulated by convoluting the computed energy and
intensities of the fundamental vibrations with a 10 cm® full width at half maximum (FWHM) Gaussian
function. The more recent Minnesota M06-2X functional was trialled, but the intensities in the

simulated infrared and Raman spectra were not consistent with that observed experimentally.

3.3.6 Nuclear Magnetic Resonance spectrometry

High field NMR spectra were recorded on a Bruker Avance lll spectrometer (Bruker, Billerica, MA, USA)
operating at 600 MHz for *H and 150.9 MHz for *3C. CDCl; was used as the solvent and internal lock
and chemical shift calibrant for H and 3C spectra (7.26 ppm and 77.36 ppm, respectively). For
completeness, spectra were also measured using (CDs),CO as the solvent (see Supplementary
Information). Chemical shifts are presented in ppm and coupling constants (J values) in Hz for all
spectra. In the proton mode 16 scans were collected and in carbon mode 1024 scans were collected.
Low field *H NMR data for XPN, ETN, PETN, and NG were collected using a Magritek Spinsolve
benchtop NMR spectrometer operating at 60.96 MHz (Magritek, Aachen, Germany). Each explosive
(10 mg) was dissolved in 1 mL of deuterated CDCl; or (CD3),CO (see Supplementary Information) and
analysed for 10 minutes. Spectra were calibrated in accordance with the high-field experiments

(above).
3.3.7 Direct mass spectrometry

3.3.7.1 Electrospray ionization mass spectrometry

Solutions of 100 pug.mL? of XPN in methanol containing either 0.2 mM of ammonium nitrate or 0.2
mM ammonium chloride and 0.2 mM ammonium acetate were prepared. Negative ions generated
using direct injection ESI were analysed using a Waters Synapt High Definition Mass Spectrometer
(HDMS) (Waters, Milford, MA, USA). The solutions were injected into the HDMS using a syringe pump
with a flow rate of 20 pL.min1.The desolvation temperature was 200°C, desolvation gas flow rate was
500 L.h%, the source temperature was 80°C and the capillary voltage was set to 3.5 kV. The acquisition
rate was 1 scan.sec for 30 seconds with a mass scan range of 130 to 500 m/z. The measured mass

was compared to the calculated accurate mass and discrepancies reported in ppm.
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3.3.7.2 Direct sample analysis-time of flight mass spectrometry (DSA-ToF MS)

An AxION 2 Time of Flight (ToF) Mass Spectrometer, equipped with a “Direct Sample Analysis” (DSA)
sample introduction system (Perkin ElImer, Waltham, MA, USA), was operated in negative ionisation
mode with a heater temperature of 150°C and a corona current of 4 pyA. The voltage used for the
endplate was 200 V with a capillary entrance of 800 V and a capillary exit of -100 V. Spectra were

acquired with an acquisition rate of 1 Hz.

An atmospheric pressure chemical ionisation (APCl) ToF Tuning mix (G1969-85010, Supelco/Agilent
Technologies, Santa Clara, CA, USA), diluted 1:10 in milliQ water, was continuously nebulised into the
nitrogen flow to enable accurate mass calibration (m/z 955.971923, 655.991085, 119.036320). XPN
samples were dissolved in DCM to a concentration of 1 pg.mL™, of which 10 uL was pipetted onto
sampling mesh (Perkin Elmer, Waltham, MA, USA) and allowed to dry. All samples were analysed in

triplicate. No further reagents were added to promote adduct formation.

Spectra were analysed using the “ToF MS Driver” software (Perkin Elmer, Waltham, MA, USA, version
8.1) by averaging ~5 spectra/sample and calculating the accurate mass to +0.00005 amu. The
measured mass was then compared to the calculated accurate mass for the relevant ions, with

discrepancies reported in ppm.
3.3.8 Ultra-performance liquid chromatography-diode array detection

A Waters Aquity liquid chromatograph (Waters, Milford, MA, USA) was used with a Kinetex C18 ultra
performance liquid chromatography (UPLC) column (2.6 y, 50 x 2.10 mm, Phenomenex, Torrance, CA,
USA). A gradient separation using 0.1 % aqueous formic acid solution (A) and methanol (B) was used.
The mobile phase was 98 % A for 1 minute, ramping linearly to 100 % B at 14 minutes then back to 98
% A at 15.5 minutes where it was maintained until 20 minutes. A constant flow rate of 0.200 uL.min!
was maintained with a column temperature of 30°C and absorbance detection between 210 and 400
nm using a Waters photodiode array detector equipped with a deuterium UV-lamp (Waters, Milford,

MA, USA). A solution containing 50 ug.mL™? of XPN, ETN, PETN and NG in methanol was prepared for

analysis and 4 pl injections were used.

3.3.9 Gas chromatography-cold electron ionization mass spectrometry

Analyses were conducted using a PerkinElmer Clarus 680 gas chromatograph equipped with a
PerkinElmer Axlon iQT MS/MS and a PerkinElmer cold-El source (Perkin Elmer, Waltham, MA, USA). A
5% phenyldimethylsiloxane column (DB5, 0.25 mm internal diameter with a 0.25 um film thickness,
J&W brand, Agilent Technologies, Victoria, Australia) was cut to 10 m in length. A CTC CombiPal

autosampler (CTC Analytics AG, Zwingen, Switzerland) was used with a 0.5 pL injection volume. XPN
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was injected as a 0.1 mg.mL™ solution in DCM at an injector temperature of 160°C and a carrier gas
(He) flow rate of 1.5 mL.minl. The oven program began at 40°C, with a 20°C.min’! ramp to 130°C,
followed by a 5°C.min™ ramp to 175°C and 20°C.min! ramp to 280°C. The make-up gas (He) flow rate
for the cold-El accessory was 60 mL.min?, the source temperature was 150°C and transfer line
temperature was 200°C. The electron ionisation energy was 70 eV with a mass range of 45-500 m/z.
For MS/MS experiments precursor ions were selected with a filter width of m/z 0,7, the collision gas

was Ar (2.0 mTorr) and collision induced dissociation energies in the range 1 - 5 V were used.

3.4 Results & Discussion

3.4.1 Vibrational spectrometry

Figure 27, Figure 28 and Figure 29 show the measured infrared absorption spectra (ATR and

transmission) and Raman spectrum of XPN.

An initial attempt to measure a transmission spectrum of single XPN crystals using an infrared
microscope was unsuccessful; spectra were distorted by Christiansen bands (data not shown). Then,
transmission infrared spectrometry was performed using a thin film of melted XPN between two
sodium chloride discs. This produced a spectrum, but it was observed that the extinction coefficients
for the three major spectral absorbances were so high that these peaks showed evidence of detector
saturation. Therefore, steps had to be taken to reduce greatly the thickness of the film between the
discs by separating them, wiping off the film that was present on one disc, remaking the sandwich and
then separating it again and repeating the wiping process. The three most intense peaks in the
resulting spectrum (Figure 27) were broad and showed no fine structure. Conversely, the spectrum

acquired using ATR spectrometry (Figure 28) displayed fine structure and narrower peak widths.
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Figure 27: Transmission IR spectrum of XPN acquired from a thin film.

43



1.4 +

1.2 H

1.0 1

0.8

0.6

Absorbance

0.4 —

0.2 +

0.0 H

16|37 12|62

l4|63

29|73

1049

810

3500

| - | - | - | -
3000 2500 2000 1500
Wavenumber (cm™)

Figure 28: ATR IR spectrum of XPN acquired using solid material.
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Figure 29: Raman spectrum of solid XPN.

Assignment of the gross features in the measured spectra were made by comparison with theoretically
derived spectra and the known characteristic infrared absorptions and Raman transitions for

nitroesters [14].

Harmonic vibrational frequencies, infrared intensities, and Raman scattering activities of a single XPN
molecule were calculated at the B3LYP/6-31G(d) level of theory. The molecular structure used for the
calculation was taken from previously reported crystallographic data [7]. Infrared and Raman spectra
derived from the computational data are included in the Supplementary Information together with

measured spectra for comparison.

The peaks observed between 500 and 800 cm™ in the Raman and IR spectra are assigned to vibrations
and torsions involving the Cs backbone. Analysis of the normal modes reveal that this region also
includes multiple vibrations involving out-of-plane motions of the nitrogen atoms, however these are

predicted to have negligible Raman or infrared intensity.

XPN was predicted to have five ONO; vibrations where the nitrogen atom moves between the three
oxygen atoms of the nitrate group; the O-N (O is attached to the carbon chain) bond stretches and

contracts while the NO; group executes a scissoring motion. Oxley et al [9], when discussing the
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analogous vibrations for the ETN molecule, refer to this as NO; scissoring. However, our modelling
shows that the ETN molecule executes two combined O-N stretching and NO; scissoring vibrations of
the type observed for XPN. The measured IR and Raman spectra for XPN show the
stretching/scissoring band to be made up of several peaks, with maxima located at 868 cm™ (Raman),
828 cm™ (IR transmission) and 810 cm™ (ATR). Calculations show that the different peaks making up

the fine structure have vastly different intensities in the Raman and infrared spectra.

Although XPN is expected to have five NO, symmetric stretches (in-phase), the normal mode analysis
reveals that these stretches are highly coupled to the motion of the CH, groups. This results in 12
normal modes that show significant NO, symmetric stretching motions with differing Raman and IR
absorption intensities. In all spectra this band appears as a central intense peak with weaker peaks on
either side. The maxima are located at 1293 cm™ (Raman), 1278 cm™ (IR transmission) and 1265 cm'
(ATR). Interestingly, the predicted Raman intensity for this band is significantly lower than that
observed experimentally. This anomaly was also observed by Gruzdkov and Gupta in PETN using
calculations performed at the same level of theory as used here, although a definitive reason was not

determined [15].

The five NO, asymmetric, or out-of-phase, stretches result in peaks between 1600 and 1700 cm™. Four
resolvable peaks are seen in the Raman spectrum at 1640, 1653, 1676 and 1694 cm™, whereas one
peak is observed in the transmission spectrum (1660 cm™) and two peaks are seen in the ATR spectrum
at 1636 and 1663 cm™. As is generally seen in organic nitrates, this band is weaker in the Raman
spectrum than the infrared spectrum [14]. The predicted frequencies of these bands are more than
60 cm™ higher in energy than experimentally observed. Again, PETN calculations also show this
discrepancy where similar calculations resulted in >100 cm™ difference [15]. It is unclear if the
difference is due to a limitation in the computational method used or if these vibrational modes are

significantly altered in the condensed phase.

Finally, theoretical results predict the C-H stretches to be relatively intense in the Raman spectrum
and weak in the infrared spectrum, which is also seen experimentally. The above data are summarized

in Table 1.

In summary, Raman and ATR infrared spectrometry were simpler to conduct than transmission
infrared spectrometry. They provided well-resolved spectra that were consistent with, and
explainable by, theoretical results. Based on available data [1, 9, 16] Raman and ATR spectrometry

provided clear differentiation between XPN, PETN and its shorter chain homologue ETN.
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Table 1: Assignments of IR and Raman regions

Region Assignment Infrared Raman
550-650 C-C-C bend w w
Backbone torsion w w
650-800 N-O stretch w w
N out of plane bend w w
800-1150 N-O stretch & NO; scissoring s s
C-C stretch w w
C-O stretch m w
CH, rocking w w
1150-1400 CH, twist w w
CH and CH; wagging m w
CH; scissoring w w
NO; symmetric stretch s s
1400-1800 NO; asymmetric stretch s w
2800-3000 CH stretch w s
CH; symmetric stretch w s
CH; asymmetric stretch w m
3.4.2 NMR

Analysis of XPN in CDCls using high field proton NMR spectrometry showed the expected 3 proton
environments (Figure 30): 1) the signal arising from the four (diastereotopic) methylene protons on
the terminal carbon atoms was observed as a ABX multiplet centred at 6 4.66 and 4.91 ppm (Jas=13.2
Hz, Jax= 5.8 Hz, Jex = 4.0 Hz), 2) the signal from the two methine protons on carbon atoms 2 and 4 was
observed as a multiplet at 6 5.62 ppm (2H) and 3) the methine proton on C3 gave rise to a triplet at
5.68 ppm (J = 5.5 Hz). The 3C NMR spectrum of XPN in CDCl3 comprised 3 signals at 6 68.05, 74.59 and
74.65 ppm. In deuteroacetone, the signal for the terminal carbon atoms was found at § 70.19 ppm
while the signals for the three other carbon atoms are observed as a single peak at 6 76.57 ppm; the
high field proton NMR spectrum for XPN in deuteroacetone is given in the Supplementary Information.

As all the major peaks within the *H and 3C NMR spectra can be assigned to XPN, and many of the
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minor peaks in the *H NMR can be attributed to satellite peaks, it suggests that the XPN sample used

for analysis contained no significant levels of synthesis by-products.

The 500 MHz *H NMR of ETN in CDCls has been reported [14] to give signals at § 4.63 (doublet of
doublets, 2H), 4.96 (doublet of doublets, 2H) and 5.53 (multiplet, 2H). While the chemical shifts for
the methine protons in ETN [9] and XPN are close, differentiation between these two compounds
using high field NMR in proton mode is trivial; XPN has a triplet at § 5.68 (integration = 1H) that is
absent for ETN.
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Figure 30: High field *H NMR of XPN in CDCls. See supplementary information for a spectrum of XPN in deuteroacetone.

Benchtop NMR spectrometers potentially offer valuable, inexpensive, and transportable analytical
capability for first response, defence and forensic operations. Accordingly, a 60 MHz instrument was
evaluated for its ability to differentiate between a range of nitrate esters of polyhydric alcohols (Figure
31). For each of the nitrate esters analysed the relevant signals were observed between § 4.5 and 6.5.
Although spectral fine structure that is evident in the high field spectrum in Figure 31 cannot be

replicated with the low field instrument, integration for the methylene and methine signal envelopes
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allows the four nitrate esters to be readily differentiated. The integration ratio for the low field: high

field signals for NG is 1:4, for ETN it is 2:4, for XPN it is 3:4 and for PETN it is O.

The complete analytical selectivity demonstrated by the benchtop NMR spectrometer with regards to
the nitrate esters is likely to be replicated with other important molecular explosives due to the
diverse proton environments in nitroaromatics, nitramines, nitroureas and organic peroxides.
Therefore, this type of instrument offers potential as a practical tool for screening unknown powders
for the presence of explosives. Whilst the sensitivity of these spectrometers would not allow the
detection of traces of explosives on surfaces or in post-blast residues, the instrument evaluated here
can be used for the analysis of samples of approximately 10 mg in weight, which is a realistic and

relatively safe sample size when bulk quantities of unknown powder are under examination.
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4.80 N4
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Figure 31: Low field *H NMR of ETN, NG, XPN and PETN in CDCls. See supplementary information for spectra of these nitrate

esters in deuteroacetone.
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3.4.3 Mass spectrometry

3.4.3.1 Direct ESI mass spectrometry

Nitrate esters typically display high electron affinities and consequently some amenability to analysis
by negative ion mass spectrometry (see Ostrinskaya et al. [3] for example). Additionally, in the
presence of nitrate or chloride ions, even when their presence is adventitious, nitrate esters may form
nitrate or chloride adducts. The direct ESI mass spectrum, measured in negative ion mode, for a
solution of XPN containing ammonium nitrate is included in Figure 32, with observed peaks, fragments
and ppm differences reported in Table 2. The most abundant ions were found at m/z 438.9810
(IM+NOs]) and m/z 393.9954. In previous work involving direct ESI mass spectrometry, Matyas et al.
[16] proposed that ETN undergoes adduction of hydroxide; if XPN followed an analogous ionization
pathway it could account for the formation of the ion at m/z 393.9954. However, in another direct ESI
mass spectrometric study, Oxley et al. [1] proposed that ETN undergoes loss of NO followed by
adduction of nitric acid. An analogous pathway could also account for the formation of the ion at m/z
393.9954 in the direct ESI mass spectrum of XPN. Yet another possibility (by analogy with ions reported
arising during ETN analysis [17]) is that the ion is the nitrate adduct of xylitol tetranitrate (XteN) [XteN
+ NOs].

Direct ESI mass spectrometry in the presence of ammonium chloride and ammonium acetate
produced the expected chloride adduct ions [M + Cl]" at m/z 411.9605 and 413.9694 (Figure 33, Table
3). Anion at438.9813 m/z ([M + NOs]) was also observed, despite no deliberate introduction of nitrate
ion-producing species. The ions at m/z 366.9777 and 368.9743 were attributed to [M - NO,+ HCI]", or

to a XteN chloride adduct [XteN + CI];, and again an ion was observed at m/z ~ 394.

The peaks at m/z 366.9777 and 393.9968 (393.9954 in the previous experiment) were initially
considered to have arisen from a tetranitrate species, present as a by-product formed during XPN
synthesis. However, this was unlikely, as subsequent liquid chromatographic analysis (see
Supplementary Information) did not indicate the presence of lesser-nitrated species. Instead, it is

proposed that ions at m/z 366.9777 and 393.9968 originate from XPN as [M — NO; + HCI]".

Of the direct ESI mass spectrometric methods examined, the method that included ammonium
chloride and ammonium acetate produced the greater number of high-mass, diagnostic parent ions

and hence greater selectivity.
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Figure 32: Mass spectrum of XPN with ammonium nitrate obtained by direct injection ESI MS. The peaks below 380 m/z are

system peaks.

Table 2: MS peaks of adducts formed during direct injection ESI of XPN with ammonium nitrate as seen in Figure 32.

Mass

(m/z)

438.9810

393.9954

ppm difference

-1.55

-3.06

lon Relative Formula
Abundance
(%)
[M+NOs]" 67 CsH7NgO1s
[M-N02+HNO3]_, [|V|+OH]_ 100 CsHsNsO16

or [XteN+NOs]
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Figure 33: Mass spectrum of XPN with ammonium chloride and ammonium acetate obtained by direct injection ESI MS. The

peaks below 360 m/z are system peaks.

52



Table 3: MS peaks of adducts formed during direct injection ESI of XPN with ammonium chloride and ammonium acetate as

seenin Figure 33.

Mass (m/z) PPM Difference lon Relative Formula
Abundance
(%)
438.9813 -0.87 [M+NOs] 7 CsH7NgO1s
411.9605/ -5.38 [M+CI]/[M+CIP7] 100 CsH7N5015Cl
413.9594
393.9968 -0.50 [M-NO2+HNOs]", [M+OH] 13 CsHsN5O016

or [XteN+NOs]

366.9777/ 0.17 [XteN+CI35]'/[XtenN+CI37]' 48 CsHsN4O13Cl

368.9760 or

[M-NO,+HCI35]/[M-
NO,+HCI"]"

3.4.3.2 DSA-ToF MS

A series of nitrate ester explosives, including XPN, have been studied previously using APCI mass
spectrometry [3]. Ostrinskaya et al. [3] found that the parent ions [M + NOs]" (m/z 439.1) and [M +
COs] (m/z 437.2) were observed when XPN was introduced into the ionisation source in a solution of
acetonitrile. Fragmentation peaks were predominantly due to the loss of single or multiple NO;
groups, although a peak at m/z 317.1 was attributed to fragmentation of the carbon backbone, i.e. [M
- CH2NO3]". In the same work, when XPN was introduced into the ionisation source in a mixture of
acetonitrile and DCM, the chloride adduct ions [M + CI]" (m/z 412.1 and 414.1) and [M — NO; + HCI]
(m/z367.1 and 369.1) dominated the spectrum [3].

DSA-ToF MS is a direct mass spectrometry technique that involves bombardment of the sample with
a stream of nitrogen plasma in order to achieve APCI conditions. It is considered a ‘soft’ ionisation
technique, capable of producing accurate mass data for compound identification. Hitherto, its
application to the analysis of explosives, including nitrate esters, has not been reported. In many

regards, the simple and direct approach offered by DSA-ToF MS resembles that of DART-MS which has
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been applied successfully to the analysis of several polyhydric sugars (including xylitol) and some of

their nitrate esters (EGDN, NG, PETN and ETN) [18].

Here it is reported that analysis of XPN using DSA-ToF MS shows the nitrate and chloride adducts [M
+ NOs]" (m/z 438.9800) and [M + CI]" (m/z 411.9612 and 413.9606) (Figure 34, Table 4). As with the
direct ESI experiments (above), an ion at m/z 393.9848 was detected. However, carbonate adducts
were not observed, despite the previous identification of these species during the analysis of XPN

using APCI [3] and in the analysis of NG, ETN and PETN using DART-MS [18]

A further set of peaks observed at m/z 788.9587, 790.9555 and 815.9783 are consistent with [2M +
Cl]" and [2M + NOs] dimer products, respectively. The source of the adduct-forming chlorine atoms
observed by DSA-ToF MS is unclear and analogous ions arising from the DART-MS analysis of NG, ETN
and PETN were not reported by Sisco and Forbes [18]. In our experiments the solvent (DCM) was
allowed to evaporate before analysis, therefore DCM should not have been available to facilitate the
formation of chloride adduct ions. In further experiments, where DCM was completely eliminated
from experiments, chloride adduct ions were still observed, which suggests that an adventitious
source of chloride is responsible. Unlike the chloride adduct, the nitrate adduct is easily explainable

as there is a readily available source of NOs in the air and in XPN itself.

The application of DSA-ToF mass spectrometry to ETN resulted in diagnostic ions at m/z 336.9673
[M+CI], 363.9859 [M + NOs]" and 638.9653, [2M + CI] (see Supplementary Information). These peaks
are consistent with those reported by Matyas et al [16] using ESI mass spectrometry and allow ETN to

be discriminated from the longer chain homologue XPN.
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Figure 34: Mass spectrum of XPN obtained using DSA-ToF MS. The unassigned peaks are either calibration peaks (marked with

an asterisk) or background peaks.

Table 4: XPN MS peaks observed in Figure 34 obtained using a DSA-ToF MS.

Mass (m/z)

815.9783
788.9587/790.9555
438.9800
411.9612/413.9606

393.9948

ppm

difference

3.37

2.68

-3.83

-3.68

-4.58

lon

[2M+NOs]
[2M+CIPS]/[2M+CIP7]
[M+NOs]"

[M+CI®]/[IM+CI¥]

[M-NO2+HNO3s] or [M+OH]

Relative Formula

Abundance

(%)
12 C10H14N11033
100 Ci10H14N10030Cl
30 CsH7N6O1s
48 CsH7Ns015Cl

5 CsHsNsO16
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3.4.4 Gas chromatography-cold El Mass spectrometry

Although nitrate ester explosives can be analysed using GC-MS, they are prone to thermal degradation
upon injection, elution and transfer into the ion source [19]. Furthermore, the electron ionization
source usually employed in GC-MS typically imparts sufficient energy to those nitrate esters that elute
from the column that molecular ions are not observed; instead fragmentation ions are seen at m/z 46
(*NOz) and m/z 76 m (*CH,ONO) [19]. An ionization technique referred to as cold-El has been used for
the analysis of energetic materials, including the nitrate esters NG and PETN [20]. A cold-El source
removes thermal and rotational energy from molecules emerging from a GC column by forcing the
eluent at high speed through a small pinhole nozzle into a vacuum chamber and then through a
pinhole into the ion source. Using this approach, a source temperature equivalent of 20 — 50 K is
achieved [21]. For a wide range of compounds, this ionization approach results in an increase in
abundance of molecular- and high m/z-ions [20]. The chromatographic behaviour of XPN was
investigated using cold-El GC-MS rather than conventional El in the hope that some high m/z signals
would be detected that could aid in the determination of whether intact XPN or a decomposition

product of it elutes from the column.

In order to allow successful detection of XPN, the temperatures that the analyte was exposed to were
minimized during injection, chromatography and transfer into the ion source. Similar to the
observations reported by Oxley in regard to the analysis of ETN by GC mass spectrometry [1], a peak
arising from XPN was not detected when a 30 m GC column was employed. Even with a 10 m column,
a high carrier gas flow rate was needed in order to minimize the time the analyte spent in the

instrument prior to its detection, which is a strategy recommended by Amirav [21].

Figure 35 shows the spectrum measured from the single peak that eluted using the fast, low
temperature GC conditions and cold EI MS. Although the expected molecular ion (m/z 377) was not
observed in the spectrum, several ions were detected at relatively high mass, including a signal at m/z
226 and very strong signal at m/z 193. The integral mass of the ion at m/z 193 ion suggests a formula
C3H3N3O7". From these data it is not clear whether intact XPN or a thermal breakdown product of it is

detected.

Using tandem mass spectrometry, a scan of product ion arising from m/z 193 was possible if a low
collision induced dissociation voltage (1-5 V) was used. This indicated that ion m/z 193 fragmented to
yield ions at m/z 146, 130, 84 and 46 (see Supplementary Information). The structure of the ion at m/z
193 is not obvious. However, as it is not present in the mass spectra of NG, ETN or PETN it allows for
the unambiguous differentiation of XPN from them. See Stark et al. [22] and Supplementary

Information for the mass spectra of NG, ETN and PETN.
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Although the use of cold-EI GC-MS for the analysis of nitrate esters provided some interesting results,

this method occasionally, and sporadically, produced no diagnostic high mass ions for XPN or ETN,

despite manipulating the experimental conditions to minimise thermal exposure of the analytes. Using

GC with conventional EI MS retention time would most likely be the only point of differentiation

between the nitrate esters.

Intensity

Figure 35: Mass spectrum of XPN obtained using GC Cold El MS.
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3.4.5 Ultra-performance liquid chromatography with diode array detection

Whereas the analysis of XPN and other nitrate esters using gas chromatography was found to be

fraught with difficulties, analysis using UPLC was relatively straightforward. Good separation of XPN

from PETN and homologous nitrate esters was achieved (see Figure 36) using a column with typical C-

18 reverse phase chemistry and a simple mobile phase gradient comprising 0.1 % aqueous formic acid

solution and methanol. The chromatogram doesn’t display any extra peaks, indicating that the

solution contained pure samples of XPN, ETN, PETN and NG. Direct atmospheric ionization mass

spectrometry techniques (i.e., direct ESI and DSA-ToF MS, a form of APCI) have been shown in this

work to be successful for the differentiation of XPN from other nitrate esters. Therefore, the current

leading methods for forensic post-blast explosives screening and confirmation that combine UPLC

with atmospheric ionization followed by MS/MS or high resolution MS (e.g., [23]) should also be

capable of sensitive and selective analysis of XPN.
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Figure 36: UPLC-DAD separation of nitroglycerine, penterythritoltetranitrate, erythritoltetranitrate and xylitolpentanitrate.
3.4.6 Conclusions

The explosive XPN was synthesised according to a literature procedure and new spectrometric data
are reported to aid in its analysis by first responders and forensic specialists.

As expected, the Raman and IR (transmission and ATR) spectra of XPN displayed characteristic
vibrations of the N-O and NO; moieties; both techniques were capable of distinguishing XPN from its
homologue ETN and are therefore of value in the detection of XPN for forensic or first response
purposes. Frequencies and signal intensities were consistent with computational results. Compared
to transmission infrared measurements, which are difficult to acquire and produce broad spectral
features, Raman and ATR measurements are both easier to acquire and provide better-resolved

spectral features.

NMR spectrometry was conducted at high field strength (600 MHz) and using a benchtop machine (60
MHz). The high field *H spectrum revealed rational, characteristic signhals that allow unambiguous
differentiation between XPN and other nitrate esters. At 60 MHz the peaks of the ABX system arising
from the four protons on the termini of the XPN molecule overlapped and were poorly resolved, as

were the peaks due to the methine protons. Despite this, the 60 MHz spectra of the nitrate esters NG,
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ETN, PETN and XPN were clearly distinguishable from one another by splitting patterns and peak
integration. Hence benchtop NMR may be a useful method for distinguishing between bulk samples

of these materials and for differentiating the nitrate esters from other improvised organic explosives.

Direct ESI mass spectrometry of XPN in the presence of ammonium chloride and ammonium acetate
gave chloride and nitrate adduct ions at high m/z that were diagnostic of molecular XPN. When
ammonium nitrate was substituted for ammonium chloride and ammonium acetate, fewer diagnostic

parent ions were formed.

DSA-ToF-MS analysis revealed abundant nitrate and chloride adducts that were diagnostic of
molecular XPN. As this method required little sample preparation, some advantage over the direct ESI
methods may be inferred, despite the source of chloride for adduct formation remaining unknown.
The results presented here indicate that DSA-ToF-MS may offer capability similar to DART-MS for the

analysis of XPN and other nitrate esters.

Cold-El MS was utilised to study XPN. Fast, low temperature chromatography was required to allow
detection of a signal from XPN, but even under these conditions it was still possible to achieve full
separation between it and the signals for the common nitroester explosives NG, ETN and PETN. The
cold-El MS signal for XPN showed an abundance of ions at relatively high m/z, but as a molecular ion
was not detected it is not possible to determine whether the signal represents the intact molecule or
a thermal degradation product of it. The detection of high m/z ions for XPN sparked further
investigation to determine if cold EI MS could be used to distinguish between XPN, NG, ETN and PETN.
The presence of a peak at m/z 193 was unique to the spectrum of XPN, and each of the other nitroester
produced characteristic ions, hence cold-El mass spectrometry may be used to distinguish between
the common nitroester explosives. Despite the use of experimental conditions that minimised the
fragmentation of large mass ions, this method occasionally, and sporadically, produced no diagnostic
high mass ions for XPN. More work is required if this technique is to become rugged enough to be
used in forensic casework. If conventional EI GC-MS is used it is unlikely that XPN will be able to be

discriminated from NG, ETN and PETN except by retention time.

In contrast, ultra-performance liquid chromatography offered trouble-free, reliable separation of XPN
from NG, ETN and PETN. As direct atmospheric pressure ionization MS of XPN was readily achieved
using APCl and ESI, it is reasonable to expect that combination of these ionization techniques with LC

would be effective for the selective and sensitive analysis of XPN.
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Chapter 4: Crystal Structure, Sensitiveness and Theoretical Explosive Performance of Xylitol

Pentanitrate (XPN)

The research conducted in this chapter were peer-reviewed and published. This first appeared in:

Stark, K. A. S.; Alvino, J. F.; Kirkbride, K. P.; Sumby, C. J.; Metha, G. F.; Lenehan, C. E.; Fitzgerald, M.;
Wall, C.; Mitchell, M.; Prior, C., Crystal Structure, Sensitiveness and Theoretical Explosive Performance

of Xylitol Pentanitrate (XPN). Propellants Explos. Pyrotech. 2019, 44, 541-549.

For the purposes of this publication, the approximate contribution of each author was Stark, K.A.S.
55%, Alvino, J.F. 5%, Kirkbride, K.P. 5%, Sumby C.J. 5%, Metha, G.F. 5%, Lenehan, C.E. 5%, Fitzgerald,
M. 5%, Wall, C. 5%, Mitchell, M. 5%, and Prior, C. 5%

The full text of the publication has been incorporated in Chapter 5 below.

Please note- Minor formatting amendments have been performed to the presentation of the
publication to keep it consistent with the presentation of the thesis, however text and data remain

unchanged from the published version

4.1 Chapter Summary

XPN is a little-studied nitrate ester of similar molecular structure to the military energetic materials
PETN and NG. XPN was crystallised from a mixture of ethanol and water by slow evaporation and
studied by single crystal X-ray diffraction. XPN crystallises in the centrosymmetric monoclinic space
group P21/n, with a calculated density of 1.852 g cm™. Sensitiveness analysis of the energetic material
revealed it to be a primary explosive, significantly more sensitive than PETN to some initiating stimuli.
The calculated heat of formation of XPN, -500.48 k) mol™, and the density were exploited utilising the
Cheetah 7.0 suite of programs to predict explosive performance parameters. The theoretical explosive

performances of XPN, ETN, PETN and RDX were comparable.
4.2 Introduction

NG and PETN are nitrate esters which are in common usage by military forces worldwide. ETN has
been exhaustively investigated for potential use by conventional armed forces, but has yet to find
legitimate applications due to poor chemical stability. In contrast, XPN, a nitrate ester similar in

structure to NG, PETN and ETN (Figure 37), only appears sparingly in the scientific literature.
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Figure 37: Simple molecular structures of NG, PETN, ETN and XPN.

XPN was first isolated as a crystalline solid in 1960 [100], with a refined synthetic procedure reported
three years later [98]. The nitrate, described as a powerful explosive, was formed by the direct
nitration of xylitol in a mixture of fuming nitric acid and acetic anhydride, with the structure confirmed
by nitrogen content analysis, infra-red spectroscopy, and the near-quantitative -catalytic

hydrogenation to the parent alcohol.

In 1971 a pharmacological and biochemical evaluation of organic nitrates found XPN was a poor

vasodilator compared to NG and PETN [142].

Nearly forty years later, Sarlauskas et al. reported the synthesis, electrochemistry and cytotoxicity of
a series of nitrate esters and nitramines, including XPN [106-107]. The authors alluded to a synthetic
methodology involving the treatment of xylitol with dinitrogen pentoxide in DCM and subsequent
characterisation of the isolated product by thin layer chromatography (TLC), IR and NMR
spectroscopy; however, neither the detailed synthetic procedure nor the characterisation data were

published.

61



Concomitantly, Wang et al. published a theoretical study predicting the spectral, physical,
thermodynamic and energetic properties of XPN, and other related compounds [104]. Molecular
structures predicted by density functional theory at the B3LYP/6-31G* level of theory were utilised to
predict theoretical densities. These results were combined with heats of formation derived from the
semiempirical molecular orbital PM3 method to predict detonation velocity and detonation pressure
using modified Kamlet-Jacobs equations [143-144]. XPN was suggested as a possible candidate for use

in solid rocket propellant formulations.

Qi-Long et al. reported the thermal stability and decomposition mechanism functions of ten nitrate
esters, including XPN, by means of non-isothermal Thermal Gravimetric (TG) and DSC techniques [105,
145]. Comparison of mean activation energies indicated that all species shared common
decomposition pathways, but analyses of critical temperatures of thermal decomposition revealed
XPN as one of the least stable nitrate esters. Other than the abovementioned analyses, no structural

characterisation data were provided and it is unclear if XPN was isolated as a crystalline solid.

Herein, the single crystal X-ray diffraction (SCXRD) structure and sensitiveness data for XPN are
reported for the first time. The molecular structure from SCXRD was utilised as the starting geometry
for CBS-4M quantum chemical calculations to accurately derive heat of formation [3, 146]. The density
of XPN, derived from crystallographic analysis, and the calculated heat of formation were
subsequently exploited using the thermochemical computer code Cheetah [147] to predict explosive
performance. This revealed the theoretical explosive performance of XPN as comparable to some

military high explosives.
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4.3 Experimental

4.3.1 Reagents

Xylitol, 98% sulfuric acid, acetic anhydride, toluene, and ethanol (Sigma-Aldrich, St Louis, USA) were

used as received. Red fuming nitric acid (Sigma-Aldrich, St Louis, USA) was distilled before use.

4.3.2 Synthetic Procedure

Caution: XPN is a sensitive primary explosive and as such should only be synthesised in minimal

guantities by experienced and appropriately trained chemists, in purpose-built explosive laboratories.

XPN was synthesized using a literature procedure [98].

4.3.3 Instruments

A single XPN crystal was mounted under paratone-N oil on a nylon loop, and X-ray diffraction data
were collected at 150(2) K with Mo Ka radiation (A = 0.7107 A) on an Oxford Diffraction X-calibur small
molecule diffractometer [148]. The data set was corrected for absorption and the structure solved by
direct methods using SHELXS-2014 and refined by full matrix least-squares on F? by SHELXL-2014,
interfaced through the program X-Seed [149-151]. In general, all non-hydrogen atoms were refined
anisotropically, and hydrogen atoms were included as invariants at geometrically estimated positions.
CCDC number 1869403 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.

Crystal data for XPN. CsH;NsO10, F.w. 377.16, monoclinic, P21/n, a 8.0945(3), b 15.9392(6), c 10.4903(5)
A, $91.684(3)°, V 1352.87(10) A%, Z = 4, Dcaic = 1.852 Mg/m?, £20.191 mm, F(000) 768, crystal size
0.50 x 0.22 x 0.14 mm?3, 0 range for data collection 3.39 to 29.37°, Ind. reflns 3331, Obs. reflns 2634,
Rint 0.0381, GoF 1.043, Ry [I1>25(1)] 0.0356, wR> (all data) 0.0803, largest diff. peak and hole 0.274 and
-0.245 e. A3,

Sensitiveness data were measured in accordance with established protocols [152]. Sensitiveness to
friction was measured using a Julius Peters BAM (German Federal Institute for Testing Materials)
friction apparatus (Berlin, Germany). The values reported are the lowest setting at which the 10 mg
samples initiated; six repetitions of the experiment at the next lower setting produced nil initiations.
Sensitiveness to impact was measured using a Rotter Impact apparatus (Defence Science and
Technology Group, Edinburgh, Australia). The experiment was repeated 50 times utilizing 30 mg
samples with a standard drop weight of 2 kg and reported values [Figure of Insensitiveness (F of I)]

standardized to RDX (F of | = 80) [153]. Sensitiveness to elevated temperatures [Temperature of
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Ignition (T of I)] was determined utilizing 50 mg samples (unless stated otherwise) heated (in
duplicate) at 5 °C min* to decomposition within a shielded heating block. Sensitiveness to electrostatic
discharges (ESD) was measured by passing electrical discharges of 4.5, 0.45 and 0.045 J through 10 mg
samples utilizing equipment purpose built by the Defence Science and Technology Group. The figure
reported is the lowest setting at which the samples ignited. DSC was conducted with a TA Instruments

(New Castle, Pennsylvania, USA) DSC Q10 scanning from 20 °C to 250 °C at 10 °C min'! under nitrogen.
4.3.4 Theoretical Methods

The molecular structure derived from X-ray crystal analysis was optimized in its singlet and triplet
states by the Becke 3LYP method and 6-31+G(d,p) basis set using the Gaussian 03 program [154-157].
Stationary points were characterized as minima (no imaginary frequencies) by calculation of the
frequencies using analytical gradient procedures. The global minimum was then probed using the CBS-
4M (complete basis set) method, which is based on the theoretical extrapolation of the basis set to an
infinite limit (to completion) [146]. The enthalpy (H) from the CBS calculation was then used to predict
the gas phase heat of formation of XPN using the atomisation method; subsequent conversion to the
condensed phase was done by applying Trouton’s rule using the melting point as measured by DSC [3,
158-162]. Crystal density, from X-ray crystallographic analysis, and the calculated solid phase heat of
formation were inputted to the Cheetah 7.0 program suite to predict detonation parameters [147].
Cheetah is a physics- and chemistry-based tool that employs thermochemical computer code to

predict detonation characteristics.
4.4 Results and Discussion
4.4.1 Crystal Structure

Rod-shaped crystals of XPN suitable for X-ray diffraction were grown by slow evaporation from a
concentrated solution of the compound in ethanol and water. XPN crystallises in the centrosymmetric

monoclinic space group P2:/n with a single molecule in the asymmetric unit.
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(a)

(b)

Figure 38: (a) A representation of the structure of XPN with ellipsoids presented with 50% probability level. (b) The packing of
XPN viewed down the g-axis with the weak CH-—O hydrogen bonds and NO---N interactions shown with dashed red bonds.

Carbon- grey; hydrogen- white; nitrogen- blue; and oxygen- red.
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The density of XPN calculated from the crystal structure is 1.852 g.cm™ at 150 K, which is very close to

the value reported for ETN (1.851 g cm™ at 140 K [81]]) and for PETN (1.845 g cm™ at 100 K [163]). As

can be seen from Table 5, the carbon-carbon bond angles for XPN indicate that bonds are more

distorted than those in PETN but less distorted than those in ETN. For O-C bonds, distortion in XPN is

slightly lower than ETN but significantly higher than PETN.

Table 5: Comparison of Bond Lengths (&) and Angles (°) for XPN, ETN and PETN.

BOND LENGTH RANGE (A)

BOND

O:N-0O

O:N

NO;

O:N-0O

% [81]
b [163]

XPN
1.5135(18) - 1.5275(18)
1.4456(17) - 1.4542(15)
1.3977(16) - 1.4417(15)
1.1923(15) - 1.2062(15)
BOND ANGLE RANGE (°)
111.53(11) - 114.97(11)
112.88(10) - 115.52(10)
103.27(10) - 108.60(10)
129.74(12) - 130.82(14)

111.33(13) - 118.10(11)

ETN®
1.5142(16)-1.541(2)
1.4466(14)-1.4481(14)
1.3968(13)-1.4246(13)

1.1902(13)-1.2080(14)

114.10(12)-114.16(12)
113.04(9)-114.54(8)
102.37(11)-104.38(9)
129.30(11)-130.35(11)

111.33(9)-118.59(9)

PETN®

1.53169(13)
1.44634(18)
1.40088(17)

1.19941(19), 1.2057(2)

107.998(5), 112.46(1)
112.95(1)

106.774(8)

129.53(2)

118.01(1), 112.46(1)

Close analysis of the crystal structure (Figure 38b) indicates that weak intermolecular hydrogen

bonding (CH---O) and NO- -ON and NO- -N interactions govern crystal packing (Table 6). All but one of

the hydrogen atoms are involved in intermolecular CH-:-:O hydrogen bonding with parameters as

shown in Table 6.
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Table 6: Weak intermolecular interactions in the crystal packing of XPN.

INTERACTION
C1-H1B---024
C2-H2---012
C3-H3---0113
C4-H4---025
C5-H5A---013
C5-H5B---:020
016-:-N7
025---N7

4.5 Sensitiveness Testing

D-A DISTANCE (A)
3.550
3.309
3.451
3.502
3.360
3.475
2.857
2.758

D-H---A ANGLE (°)

177.32
137.49
145.47
175.85
147.79
163.28

Sensitiveness testing data for XPN are included in Table 7, along with previously reported results for

PETN, RDX and lead azide [152, 164-165]. For comparison, Table 7 also includes sensitiveness data for

ETN, measured at the Defence Science and Technology Group explosive testing facility [166]. It should

be noted that while a universally accepted classification system to distinguish primary from secondary

explosives is yet to be realised, species that are more sensitive to initiating stimuli than PETN may be

considered primary explosives, whereas those less sensitive, as secondary explosives. Lead azide is

generally considered a sensitive primary explosive [153].

Table 7: Sensitiveness data for XPN, ETN, PETN, Lead Azide and RDX.

XPN

ETN

PETN

Lead Azide®

RDX

T of 1 (°C)
167
173
181
330

220

F of | (evolved gas, mL)
25(6)

40(11)

50(6)

30

80(12)

Friction (N)

18

40

42

80

ESD (J)
4.5

4.5
0.45
<0.02

4.5

aT of I, F of | and ESD taken from reference [152], Friction Sensitiveness data from reference [165].

A 50 mg sample of XPN, heated during a T of | experiment at 5 °C min’* [from an initial temperature of

20 °C], did not noticeably evolve vapour or undergo an energetic event before the experiment was

terminated at 250 °C. Upon cooling and subsequent inspection of the sample, the originally white

crystalline solid had decomposed to form a dark viscous liquid. To examine if a more vigorous
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decomposition reaction was observable at a larger scale, the T of | experiment was repeated in
duplicate using 100 mg samples. At the increased scale, an evolution of a dark vapour began at 163 °C
and was accompanied by an explosive “cracking” sound at 167 °C, consistent with a low-moderate
energetic/explosive event. This is consistent with the DSC results whereby a 9.4 mg sample heated at
10 °C min’, having melted at 45.5 °C, exhibited an exothermic decomposition beginning at 169.4 °C,
reached a peak maximum at 185.8 °C, and evolved 353 J g* (see Figure 39). The exotherm is consistent
with the previous published DSC results of [105], however herein is reported for the first time the full
DSC trace, including the melt at 45.5 °C. Under similar experimental (DSC) conditions, RDX and lead
azide underwent more vigorous exotherms, evolving 2100 and 1298 J g%, respectively, whereas PETN

and ETN produced 240 and 167 J g}, respectively [15, 167-168].

185.8 °C

Heat Flow (W/g)

39.7°C

353 JIG

455°C

0 l 50 ‘ 160 ‘ 1;0 I 260 . 2;0
Temperature (°C)

Figure 39: DSC curve of XPN with an open pan measured at a heating rate of 10°C.min™ from 20°C to 250°C under nitrogen.
Comparison of the T of | points of XPN, ETN, PETN and lead azide show XPN to be significantly more
sensitive to elevated temperatures compared to lead azide, and similarly sensitive compared to ETN
and PETN [152-153, 164-165]. It should be noted, however, that the T of | and DSC experiments should
not be viewed as exhaustive analyses of the hazards associated with XPN at elevated temperatures. It
remains possible that a change in experimental conditions, such as the heating regime or scale of the

experiment, may lead to significantly different results.

Rotter Impact analysis of XPN produced an F of | of 25 (standardized to RDX, F of | = 80, Table 7) from
50 repetitions of the experiment with an average gas evolution of 6 mL. This is significantly more
sensitive than PETN (40) and similarly impact sensitive compared to lead azide (30), indicative of a

primary explosive [164-165]. Intuitively, the volume of gas evolved from an energetic event may be
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diagnostic of the performance of an explosive [164]. An average gas evolution of 6 mL for XPN is

consistent with a moderate- to high-performance explosive and is similar to that observed for PETN.

Approximately 10 mg samples of XPN consistently initiated producing a low report (faint cracking
sound) when 18 N of frictional force was applied using a BAM friction apparatus (Table 7). The
explosive did not initiate when subjected to 16 N of frictional force. This is more sensitive than PETN
(42 N) and ETN (40 N), but not as sensitive as lead azide (5 N), which is highly susceptible to ignition
by frictional stimuli [164-165]. As with Rotter Impact analysis, BAM friction results depict XPN as a

primary explosive.

ESD measurements showed that XPN samples repeatedly initiated upon application of 4.5 J, but failed
to initiate at 0.45 J. Likewise, the minimum points at which ETN and RDX initiated due to electrical
discharges are also in the range of 4.5-0.45 J, typical of insensitive energetic materials or secondary

explosives (Table 7) [164-165]. PETN was more sensitive, initiating at between 0.45 and 0.045 J.

In summary, based on the sensitiveness data, XPN may be classified as a primary explosive. While it
displayed similar test results during T of | experiments when compared to the PETN and ETN, and was
insensitive to electrical discharge, XPN is significantly more sensitive to impact and frictional stimuli

compared to PETN.
4.6 Computational Results

The molecular structure determined by X-ray crystallography was used as the input geometry for both
the B3LYP/6-31+G(d,p) and CBS-4M calculations. For completeness, density functional calculations
were conducted on singlet and triplet states of XPN. The singlet state (point group = C; dipole moment
=0.86 D) was 289.1 kl mol lower in energy than the triplet state (point group = Cy; dipole moment =
0.57 D) and hence the latter species has not been considered further. A lower energy stereoisomer of
XPN could not be found and data for the optimized [B3LYP/6-31+G(d,p)] global minimum is included
in

Table 8. For comparison,

Table 8 also includes the key bond lengths, bond angles and dihedral angles for XPN derived from X-

ray analysis and complete basis set calculation (CBS-4M).
As seenin

Table 8, the calculated bond lengths and angles for the B3LYP and CBS-4M calculations were in good
agreement with the single crystal X-ray structure. For example, bond lengths C,C, were 1.514 A, 1.527
A and 1.514 A for X-ray, B3LYP and CBS-4M results, respectively. Likewise, bond lengths for C401, were
1.450 A, 1.446 A and 1.475 A and N3Os were 1.193 A, 1.200 A and 1.204 A. Bond angles were likewise
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in good agreement, for example C30sN; were 115.5° (X-ray), 115.7° (B3LYP) and 114.2° (CBS-4M),
whereas 012N4010 were 117.8°, 117.7° and 116.2° and Cs013Ns were 113.8°, 113.8°% and 113.3°.

As with the bond lengths and angles depicted in

Table 8, the experimental and computational dihedral angles were generally in good agreement. For
example, dihedral C;C,C3C4 were 53.1° (X-ray), 54.8° (B3LYP) and 54.7° (CBS-4M) and C;03N;0; were
-1.0%,-1.6° and -2.5°. However, the C309N307 and C30sN30s dihedral angles for the X-ray results depict
this part of the molecule as almost planar, whereas the computational results skew the NO; group by
approximately 10° (B3LYP) and 20° (CBS-4M). A similar phenomenon, albeit less pronounced, was

observed for C4012N4010 and C4012N4011.

Table 8: The experimental (X-ray) and calculated (B3LYP/6-31+(d,p) and CBS-4M) structures of XPN.

X-ray = B3LYP  CBS- X-ray B3LYP CBS-4M
a4M

Bond Length Bond Angle(°)
(A)
C.C; 1.514 1.527 1514 Cs013Ns 113.8 113.8 113.3
GG 1.527 1.542 1.520 013N5014 117.7 116.9 116.0
C3Cy 1.525 1.534 1514 013Ns01s 1121 112.5 114.1
CsCs 1.515 1.527 1,511 Dihedral Angle (°)
C,0; 1.447 1.444 1471 C1CC3C, 53.1 54.8 54.7
0sN; 1.406 1.435 1.411 C2C3C4Cs -179.3 174.8 162.0
N;0, 1.200 1.203 1.212 C3C,C105 48.0 45.6 40.9
N,0; 1.199 1.212 1.231 C,C103N; 177.8 173.2 174.2
C.06 1.454 1.445 1.469 C103N104 179.4 178.4 177.4
OgN; 1.417 1.444 1.413 C103N410; -1.0 -1.6 -2.5
N,O4 1.199 1.200 1.207 C4C3C206 173.5 176.0 172.6
N.Os 1.206 1.212 1.241 C3C206N; 154.4 146.9 157.9
G309 1.446 1.439 1.469 C206N204 175.0 -177.0 -173.9
O9N3 1.442 1460 1.422 C,06N>05 -4.0 3.6 6.9
NsO; 1.196 1.208 1.240 C1C2C309 170.1 175.0 173.0
NsOg 1.193 1.200 1.204 C,C309N3 105.0 108.0 118.9
C4012 1.450 1.446 1.475 C309N30; 1.3 11.5 20.8
O12Nq4 1.441 1.452  1.425 C309N30g -179.2 -170.0 -161.2
N4O10 1.193 1.211 1.241 C,C3C4012 62.4 54.9 45.2
N4O11 1.192 1.200 1.202 C3C4012N4 -141.9 -134.7 -140.8
Cs013 1.445 1.441 1.466 C4012N4010 18.9 14.3 34.7
O13Ns 1.398 1.432 1.410 C4012N4011 -163.4 -167.6 -148.3
NsO14 1.196 1.213 1.234 C3C4Cs013 -192.2 170.7 173.9
N501s 1.203 1.203 1.211 C4Cs013Ns 167.0 175.0 175.3
Bond Angle C5013N5014 1.6 2.1 2.0
(°)
C:C.Cs 115.0 115.3 1134 C5013Ns01s -178.9 -178.3 -178.3
C.GC, 113.0 1140 1131
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CCaCs 1115 1115 112.8 0, 0,
C.C10s 1055 106.5 104.0 0o \N1/
C105N; 1129 1141 1136 | |
0sN;0; 1123 1123  113.8 N,

0sN10; 1178 1169 116.1 0. o, 01/03 O,
C:C,06 103.3 1036 10L5 5 . l | |
C206N; 1142 1151 113.9 14 13 Cq C, N
OsN204 1122 1119 1141 SN e Sy N0 2\05
O6N;0s 1181 1174 116.2 C! |

C4C505 1064 108.6 109.0 5 Os O

C401:Ns 1153 1160 113.9 N3

01:N4Os0 117.8 1177 116.2 (l)

01:N4O11 1116 1116 114.0 7

CaCs013 1037 1048 102.3

The enthalpy (H**®= 1594.360004 a.u.) from the CBS calculation and the DSC data were used to derive
the solid phase heat of formation (AfH%s, molecule) = -500.48 kJ mol?); see Theoretical Methods section
for details. The heat of formation was inputted into the Cheetah 7.0 program suite, with the calculated
crystal density (1.852 g cm™) derived from the measured crystal structure, to calculate explosive
parameters for XPN (Table 9). For comparison, Table 9 also includes calculated (Cheetah) and

experimental literature detonation parameters for ETN, PETN and RDX [12, 80, 83, 163, 169-171].

Table 9: Computational and experimental parameters for XPN, ETN, PETN and RDX.
XPN ETN PETN RDX

Cal. Call® cal®  Exp.P? cal.® @ Exp.*? cal.®  Exp.l0

Density (g cm3) 1.852 1.750 1.8278B8 1,740 1.845B% 1,770 1.816"* 1.800

1]

Detonation 326 323 31.6 (b) 33.8 33.3 33.6 34.7

Pressure (GPa)

Detonation 8.780 8.610 8.706 8.030 8.843 8.500 8.727 8.800

Velocity (km s™)
2Heat of formation data for calculation taken from [12]; "Data not available.

The calculated (Cheetah) detonation velocity of XPN, 8.780 km s, and detonation pressure, 32.6 GPa,
are in good agreement with the entirely computationally derived predictions of Wang et al. of 8.610
kmstand 32.3 GPa (Table 9) [104]. The detonation velocity is also comparable to the values calculated
for ETN (8.706 kms?), RDX (8.727 km s!) and PETN (8.843 km s!). The Chapman-Jouguet (CJ) pressures
were similar for the four explosives. Superficially, XPN displays similar detonation characteristics to
the experimental and theoretical data reported for RDX. However, the crystal density of RDX at 1.816

g cm?is close to the charge packing density achieved for this explosive during experimentation (Table
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9), and hence the calculated theoretical detonation velocity and pressure are similar to those
measured experimentally. This is not the case for ETN, which has a theoretical detonation velocity of
8.706 km s! and a measured value of 8.030 km s reported for a pressed charge [12]. The detonation
velocity for melt cast ETN was similar to that of the pressed material [170-171]. It may be that further
experimentation will narrow the gap between experiment and theory for ETN, however it is also
possible that a significantly higher detonation velocity (e.g. >8.500 km s) may be impractical due to
the sensitivity of the explosive, i.e. it may be too sensitive to sustain significantly greater pressing
loads. If this is the case, then it is probable that future experimentally derived explosive performance
data for XPN, a significantly more sensitive explosive than ETN, may never approach the maximum

theoretical values reported herein.
4.7 Summary and Conclusion

The explosive XPN has been synthesized following a literature procedure and slowly re-crystallized
from ethanol and water to produce a crystalline material suitable for single crystal X-ray diffraction
and sensitiveness analyses. The crystal forms a close-packed structure sustained by weak
intermolecular packing constraints and has a density of 1.852 g cm™ at 150 K. XPN is more sensitive to
impact and frictional stimuli than ETN and PETN and is classified as a primary explosive. The calculated
theoretical explosive performance of XPN is similar to predicted detonation characteristics of ETN,
PETN and RDX. Due to the sensitivity of XPN, it may be challenging to realise the predicted

performance by experimentation.
4.8 Acknowledgments

The authors would like to thank: Ben Hall and Arthur Provatas for their assistance in reviewing this
manuscript; the Centre of Expertise in Energetic Materials (CEEM), a partnership between DST Group
and Flinders University, for funding and material support; and The University of Adelaide for time on
The Phoenix High Performance Computing (HPC) facility. C.J.S. acknowledges the Australian Research

Council for equipment provided under grant LE0989336.

72



Chapter 5: Degradation and stabilisation of ETN
5.1 Chapter Summary

Degradation of ETN was investigate at 40, 60, 80 and 100 °C with studies being conducted in the
presence and absence of acid vapour and with DPA and EC as potential stabilisers. Over a 28 day
period, neat ETN was stable at 60 °C, however, at 80 and 100 °C, no detectable ETN was observed at
the 28 day and 14 day time points respectively. The presence of acid vapour was found to increase
the degradation rate of ETN significantly with no detectable ETN remaining at the 7 day time point at
80 °C and at the 24 hour time point at 100 °C. Stabilisation attempts of ETN with 0.2 %w/w DPA and

EC were unsuccessful.
5.2 Introduction

ETN (Figure 40) is a crystalline nitrate ester explosive first discovered in 1849 [172], is a longer chain
homologue of NG and has similar physical and explosive properties to PETN [12, 17]. Although ETN is
one of the oldest known nitrate ester explosives, it has not been utilised for military or commercial
use because 1) its precursor, erythritol (Figure 41), was expensive to manufacture [15] and 2) ETN can
readily undergo chemical degradation [17, 84]. However, a new manufacturing method has been
developed, allowing for erythritol to be widely obtainable in supermarkets as a sugar alternative [15,
77]. As ETN can be easily synthesised using either the mixed acid or acetyl nitrate method and due to
the availability of its precursor [12, 78], ETN has gained interest in the commercial industry as a military
explosive and in forensic science as an improvised explosive. Recent studies have examined the
explosive performance of ETN, as well as combining ETN with other explosives, such as PETN and RDX,
to improve its explosive performance [15, 80-81, 83, 89-90]. It has also gained traction in amateur
online forums with many references to the synthetic procedure and the instability of the explosive,

with mentions of possible ways to improve its stability [173-177].

Figure 40: Structure of ETN
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Figure 41: Structure of erythritol

It has been suggested that ETN decomposes in a similar manner to NC (homolytic cleavage of the O-
NO, bond) (Figure 42) [22], rather than through the exothermic release of a HONO molecule [17]. The
former process has an activation energy 37 kJ.mol? lower than that of the latter [17]. It is suggested
that the NO; radical produced by the O-NO; cleavage may cause further decomposition of ETN in a
process analogous to that observed for NC [17]. To delay autocatalysis in NC based propellants,
stabilisers such as DPA (Figure 43 (1)) and EC (Figure 43 (2)) are added to the formulation to capture
NO; radicals [28, 36]; it is hypothesised that these stabilisers may similarly delay autocatalytic
degradation of ETN.

H——C——ONO,  Heat H—C—O0 . p ’
l» + NO, —>» H——Cc—0 + H—C—ONO, —> H——Cc=—0 + NO,

H——C——O0NO, H——C——0NO,

Figure 42: The decomposition of NC through thermolysis [22].

(O

(M ) ) \\

Figure 43: Structures of diphenylamine (1) and ethyl centralite (2).

ZT

The effect of different heating and humidity regimes on the chemical stability of ETN has been
investigated by Sisco et al [84]. The results of the study indicated that elevated temperatures and
humidity increase the rate of decomposition of ETN, with less than 5% by weight remaining after 7
days at 47 °C and no detectable ETN remaining after 4 days at 90% humidity (stored at 30 °C). The
study also found that while ETN was most stable below -4 °C, the percentage of ETN remaining after
7 days at that temperature was 76% [84]. This study was conducted on unsealed samples at the

nanogram scale, and itis unclear if these results are translatable to the degradation of larger quantities
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of ETN in sealed containers. There is also a lack of information on the affect that residual acid has on

the degradation of ETN.

This chapter examines the chemical degradation of ETN at various heating regimes, as well as in the
presence of a mixed acid (nitric and sulfuric acid) solution. The stabilisers DPA and EC were

investigated to determine if they could slow the chemical degradation of ETN.

5.3 Experimental

5.3.1 Reagents

Erythritol, 98% sulfuric acid, acetic anhydride, DPA, EC, DCM, toluene, diethyl ether, 2-butanone,
dimethylformamide (DMF) (Sydney, NSW, Australia; all reagents were the purest available) were used
as received. Red fuming nitric acid (Sigma-Aldrich, St Louis, MO, USA) was distilled before use. Both
HPLC grade methanol and 98% formic acid were purchased from either Sigma-Aldrich (Sydney,
Australia) or Honeywell (purchased from ChemSupply, Gillman, SA, Australia). Ammonium chloride
was purchased from Sigma-Aldrich (Sydney, NSW, Australia). Ammonium acetate was purchased from

BDH Laboratory Supplies (Poole, Dor, England).

5.3.2 Sample preparation

ETN was synthesis and purified by scientists at DST Group using a reference procedure [12]. Aliquots
of ETN were prepared in 20 mL SPME vials (Bellefonte, PA, USA) either by weighing out approximately
10 mg of solid ETN, or by taking accurately measured amounts of a standard solution of ETN and
removing the solvent by applying a gentle flow of nitrogen for 8 min using a Ratek 2 block digital heater
(Ratek, Adelab Scientific, Thebarton, SA, Australia) set at 30°C to leave approximately 10 mg of solid
explosive. Standard solutions were made using diethyl ether, 2-butanone, toluene or DMF to

determine if the solvent type influenced the decomposition rate of ETN.

The effect of acid vapour on the degradation rate of ETN was investigated by placing ETN and a small
vial containing 20 pL of mixed acid into a sealed vial (Figure 44). Samples containing DPA or EC were
prepared by adding 0.2% concentration based on the weight of the ETN to the standard solution

before solvent evaporation.

Calibration solutions (5, 10, 20, 40, 60 and 80 ug.mL") for UPLC were prepared using ETN from the
same batch as the heating experiment samples. This was to eliminate the effect of any batch to batch

variation.
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Figure 44: Sealed vial of solid ETN showing the small vial containing mixed acid.

5.3.3 Chemical degradation studies of ETN

Ageing studies were conducted using various ovens at DST Group and Flinders university. The ovens
were set to 40, 60, 80 or 100°C. Four replicates for each timepoint were aged for 1 hr, 2 hrs, 4 hrs, 1
day, 2 days, 3 days, 4 days, 7 days, 2 weeks, or 4 weeks, unless otherwise stated. At the fixed time
points, samples were removed from the oven and residual ETN dissolved in methanol (50 pg.mL™
based on the initial weight) for further analysis. The availability of the ovens placed limitations on the

number of experiments conducted.

5.3.4 UPLC

A Waters Aquity liquid chromatograph (Waters, Milford, MA, USA) was used with a Kinetex C18 UPLC
column (2.6 y, 50 x 2.10 mm, Phenomenex, Torrance, CA, USA). A gradient separation using 0.1 %
aqueous formic acid solution (A) and methanol (B) was used. The mobile phase was 98 % A for 1
minute, ramping linearly to 100 % B at 8 minutes, and back to 98 % A at 8.5 minutes where it was
maintained until 12 minutes. A constant flow rate of 0.200 pL.min! was maintained with a column
temperature of 30°C and absorbance detection between 210 and 400 nm was achieved using a Waters

photodiode array deuterium UV-lamp detector (Waters, Milford, MA, USA).

5.3.5 LC-MS

The liquid chromatograph described in 2.2.3 was combined with a Waters Synapt HDMS (Waters,
Milford, MA, USA) to identify the single by-product peak observed in the LC chromatogram.
Chromatography experiments were conducted as described in 2.2.3, with the exception that 0.2 mM

ammonium chloride and 0.2 mM ammonium chloride were added to both mobile phases.
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A Waters Synapt HDMS (Waters, Milford, MA, USA) was used in negative ion mode to obtain a mass
chromatogram of the single degradation product peak observed in the chromatogram of degraded
ETN. The sodium formate calibration solution was prepared using 9 mL of isopropanol, 1 mL of milliQ
water, 100 pL sodium hydroxide and 100 pL of formic acid (calibration peaks m/z: 112.9850, 180.9725,
248.9599, 316.94734, 384.9348, 452.9222, 520.9096, 588.8970, 656.8845, 724.8719, 792.8593,
860.8467, 928.8341 and 996.8216). Lockspray MS was used as it allows for the sodium formate
calibration solution to be injected into the mass spectrometer every 30 seconds for 1 second. The
calibration is then updated based on the data obtained over the 1 second allowing for higher mass
accuracy. The mass spectrometer was used with a desolvation temperature of 200°C, desolvation gas
flow rate of 500 L.h"%, a source temperature of 80°C and a capillary voltage of 3.5 kV. The mass scan

range was set to 60 to 1000 m/z.

5.3.6 DSA-ToF-MS

An AxION 2 Time of Flight (ToF) Mass Spectrometer, equipped with a “Direct Sample Analysis” (DSA)
sample introduction system (Perkin ElImer, Waltham, MA, USA), was operated in negative ionisation
mode with a heater temperature of 150°C and a corona current of 4 pA. The voltage used for the
endplate was 200 V with a capillary entrance of 800 V and a capillary exit of -100 V. Spectra were

acquired with an acquisition rate of 1 Hz.

An APCI ToF Tuning mix (G1969-85010, Supelco/Agilent Technologies, Santa Clara, CA, USA), diluted
1:10 in milliQ water, was continuously nebulised into the nitrogen flow to enable accurate mass
calibration (m/z 955.971923, 655.991085, 119.036320). Aged ETN samples were dissolved in
dichloromethane or methanol to a concentration of 1 pg.mL?, of which 10 pL was pipetted onto
sampling mesh (Perkin Elmer, Waltham, MA, USA) and allowed to dry. All samples were analysed in

triplicate. No further reagents were added to promote adduct formation.

Spectra were analysed using the “ToF MS Driver” software (Perkin Elmer, Waltham, MA, USA, version
8.1) by averaging ~5 spectra/sample and calculating the accurate mass to +0.00005 amu. The
measured mass was then compared to the calculated accurate mass for the relevant ions, with

discrepancies reported in ppm.
5.4 Results and Discussion
5.4.1 Method Development

The chemical degradation pathway of ETN is suggested to follow the same pathway as that of NC, with

homolytic cleavage of the O-NO, bond. However, unlike nitrocellulose, ETN and its degradation
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products may be separated, detected, and quantified using LC and hence it is possible to observe the

chemical degradation of ETN using this method.

Aliquots (1 mL) taken from a standard solution (10 mg.mL?) of ETN in diethyl ether were placed in
SPME vials and the solvent removed by heating (30°C) under a gentle nitrogen flow (see Experimental
Section). The vials were then capped, before being subjected to heating in an oven at either 40, 60,
80 or 100°C. Samples were removed from the oven at 1 hr, 2 hrs, 4 hrs, 1 day, 2 days, 3 days, 4 days,
7 days, 2 weeks, and 4 weeks and analysed via UPLC. Four replicates of each experiment were

conducted.

Initial experiments conducted at 60°C showed inconsistent results with high variability observed
between replicates at all time points. Typically, two replicates had no detectable ETN remaining, and
two replicates showed no signs of degradation. In all cases, samples that had undergone significant

degradation showed the presence of a brown-orange vapour consistent with the presence of NO2.

It was hypothesised that the cause(s) of the inconsistent results may be due to — 1) light accelerating
the rate of chemical degradation, 2) inconsistencies in the thin film deposition of ETN in the sample
vials influencing surface area and hence reaction/degradation rate, and 3) the type of solvent used for
the standard solution or impurities therein. Each of these possibilities were investigated

experimentally.

A standard solution of ETN in diethyl ether was prepared, then aliquots were separated into SPME
vials, and the solvent evaporated as previously described. The vials were sealed, half of the vials were
wrapped in aluminium foil to protect the contents from light, and all samples were then heated at
60°C and analysed by UPLC at set time points (0 hr, 1 hr, 2 hr, 4 hr, 1 day, 2 days, 4 days, and 7 days)).
The results for samples that were exposed to light showed high variation between replicates at all
time points which is consistent with the previous experiments (Figure 45). Similarly, the samples which
were wrapped in aluminium foil showed high variability between replicated also, indicating that under
the chosen experimental conditions exposure to light has no significant effect on the chemical

degradation of ETN.

To examine if the standard solution preparation method was causing the inconsistent results,
experiments were conducted in which 10 mg of crystalline ETN were manually weighed into the SPME
vials. Again, half of the samples were protected from light. These experiments were conducted
concurrently with experiments on ETN samples prepared using the standard solution preparation
method (see experimental section). It can be seen in Figure 45(A), that the samples prepared from a
standard solution showed high variation between replicates. There was also significant chemical

degradation over the 7 day period (Figure 7A). However, the samples that were weighed, showed

78



significantly less inconsistencies between replicates and showed no signs of chemical degradation
over the 7 day period [Figure 45 (B)]. It was also observed for the weighed samples, that the samples
exposed to light showed no significant difference compared to those wrapped in aluminium foil,
similar to the light experiments conducted using the standard solution preparation method. Clearly,
the degradation rate and repeatability of the results was influenced by how the samples were
prepared. While this may be due to one series of samples being aged as a thin film, whereas the other
as a bulk material, another possibility is that the solvent, or an impurity within it, may have caused the

inconsistent results and hence further experimentation was necessary.
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Figure 45: Decomposition of ETN at 60°C comparing samples exposed to light and samples wrapped in aluminium foil. A) Samples were prepared using a 10 mg.mL? standard solution of ETN in

diethyl ether. B) Samples were prepared by weighing 10 mg of crystalline ETN into the SPME vials.
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Standard solutions (10 mg.mL?) of ETN were made using diethyl ether, toluene, 2-butanone and DMF.
For each solution, aliquots of 1 mL were transferred into ten SPME vials. The solvent was then
evaporated under gentle nitrogen flow and the vials capped. The samples were then heated in a 60 °C
oven for 7 days, before being removed from the oven and visually examined. Samples were considered

to have undergone significant degradation if an orange/brown gas was observed within the vials.

At the seven-day timepoint, the ten samples that were evaporated from the diethyl diether solution
displayed obvious discoloration (brown/orange gas), whereas the samples deposited using the other
solvents showed no sign of degradation. A possible rationale for this observation is that the
degradation of ETN may have been catalysed by a peroxide, which is a common contaminant in diethyl
ether. For all subsequent experiments, standard solutions of ETN were made using 2-butanone as the

solvent.

5.4.2 Degradation of ETN

Sealed vials containing ETN (1mg) were heated at 40°C, 60°C, 80°C, or 100°C, before being removed
from the oven at predetermined time points and analysed by UPLC (Figure 46). It can be seen from
Figure 46, that significant degradation occurs at 100 °C, with no ETN detected after 14 days. When the
temperature of storage is lowered to 80 °C, ETN is stable until approximately 14 days, however no ETN
was detected by LC at the 28 day timepoint. At 60 °C there was no noticeable degradation of ETN at
28 days; degradation after 28 days was not measured. As the ETN was stable at this temperature,

lower temperatures were not tested.

The results described herein differ from those reported previously by Sisco et al. (2017), who found
that ETN had nearly fully decomposed or was lost due to sublimation when heated at 47°C for 7 days
[84]. The study also found that ETN stored at -4 °C underwent partial degradation (approximately 24%
degraded) after 42 days. Due to the rapid decrease in detectable ETN, Sisco et al. concluded that the

main pathway for ETN loss was by sublimation [84].

In a study by Oxley et al. (2017), the chemical degradation of 1 mg samples of ETN sealed in melting
point capillaries was examined [17]. This study found that the rate of ETN degradation accelerated
after 25% of the sample degraded, with samples rarely surviving past 75% degradation, indicating that
most samples beyond this, showed complete decomposition. It was suggested that this acceleration
was due to NO; radicals cleaved from the ETN molecule causing further degradation by autocatalysis
[17]. Unfortunately, the study by Oxley et al. (2017) did not report the time it took for degradation to

occur, making comparison to this study difficult.
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Figure 46: ETN decomposition at 60, 80 and 100 °C over 28 days with samples prepared using the standard solution method.
5.4.3 Degradation of ETN in the presence of mixed acid vapour

Clandestine samples of ETN may not be rigorously purified and hence may contain residual acid from
the synthesis procedure. To determine the effect that the acid may have on the rate of degradation

of ETN, vials containing mixed acid were introduced to the samples.

Samples of ETN (10 mg) were transferred to SPME vials as described previously (above). Each of the
SPME vials had an unsealed vial containing 20 plL of mixed acid solution (sulphuric and nitric acid; mole
ratio 1:1) placed inside it before it was hermetically capped (see Figure 44). Samples were then aged
at 40°C, 60°C, 80°C or 100°C and analysed at set timepoints by UPLC. Four repetitions of each

temperature and time point were measured (see Figure 47).

The samples aged at 100 °C displayed less than 5% ETN remaining at the 24 hour timepoint (Figure
47). This is similar to the observed degradation noted at the 14 day time point for samples which had
not been acidified. For acidified samples at 80 °C, the ETN had degraded to less than 1% remaining at
the 7 day time point (Figure 47), and at 60 °C near-complete degradation occurred at the 14 day time

point. This again showed more rapid degradation than that observed for unacidified samples at these
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temperatures, indicating that mixed acid vapour increased the degradation rate of ETN. ETN with

residual acid was stable at 40 °C for up to 28 days.

From the results described herein, it reasonable to infer that forensic samples of ETN which have been
poorly purified, i.e. samples which contain residual acid from the synthetic process, which was not
adequately removed during experimental workup, may degrade at a faster rate than rigorously
purified material. Therefore, for ETN of unknown origin or purity, it may be prudent to neutralise any

residual acid before storing the samples at or below 40 °C; preferably below 0 °C.
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Figure 47: ETN decomposition at 40, 60, 80 and 100 °C over a 28 day period with acid vapour with samples prepared using the standard solution method.
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5.4.4 Effect of batch to batch variation and the effect of storage vessel on the decomposition of ETN

Another factor that was considered to be important was the effect of the storage vessel and the effect
of possible batch to batch variation. Two different batches of ETN were produced using the mixed acid
method and prepared for heating studies using the standard solution method with 2-butanol. The
samples were subjected to heating at 80 °C for up to 28 days. At the same time, the second batch of
ETN was studied using two different storage vials, one set with gold caps and another set with blue
caps (as seen in Figure 48), at the same temperature for the same time period. The different vials were
used due to limitations in stock; initially gold lid vials were used, however due to a shortage, blue cap
vials were used as well. Both vial caps were described by the vendor to be a match for the vials used.
This allowed for an investigation into the effect the vial cap might have on the decomposition of ETN.
Batch to batch variation was tested using all gold capped vials. From Figure 49, the effect of batch to
batch variation was determined to be negligible, with the rate of decomposition being similar for both
batches. The storage vessel however, had a much larger effect on the rate of decomposition and the
replicate variability. For the majority of time points, it can be seen that the ETN samples contained in
vials capped with blue caps gave much larger standard deviations than the samples in the containers
capped with gold lids. One of the important things to note about the blue lid containers was the ease
at which the lids could be removed from the vial along with the observation of tears in many of the
lids after they had been crimped. This suggests that the seal on the vials was not good and hence the
environment inside the vial may have changed over time or that the ETN may have sublimed and

escaped the containers.

Figure 48: A depiction of the different vials and vial lids used for experiments. A) Blue capped vials. B) Gold capped vials
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Figure 49: A comparison of the decomposition of ETN at 80 °C from two different batches (prepared using the same synthesis and purifying methods) and a comparison of new vials (blue lid) and

old vials (gold lid).
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5.4.5 Identification of ETN degradation products

Throughout this study, only one degradation product was observed in the LC chromatograms (Figure
50). Additionally, this species was only observable when some ETN was also visible in the
chromatograms. Once the ETN had completely decomposed, the peak attributed to the degradation
product was also no longer visible. It has been reported in literature that ETN decomposes to form
lesser nitrated species such as erythritol trinitrate, dinitrate and mononitrate [17]. It should be noted
that all samples at time zero showed no by-product peaks within the UPLC-DAD chromatogram. This

suggests that ETN used for these studies is pure and contains no synthesis by-products.

LC-MS and DSA-TOF-MS were used to determine if the degradation peak could be attributed to a lesser
nitrated species. As ETN does not readily ionise in mass spectrometry, 0.2 mM of ammonium chloride
and 0.2 mM ammonium acetate were added to the mobile phase to achieve preferential adduct

formation in LC-MS.

Figure 51 and Table 10 show the mass spectrum of the degradation species measured using lockspray
LC-MS. The peak observed at 318.9994 is attributed to the nitrate adduct of the trinitrate [EtriN+NOs]
and the peak at 291.9825 is likely due to an analogous chloride adduct [EtriN+Cl]". The presence of an
[NOs] ion at 61.9881 suggests the degradation product may be related to a nitrate ester. The spectrum
shown in Figure 51 is the result of an average of 5 repeated injections into the LC-MS and as such,
individual ppm differences (the difference between the observed and calculated m/z values) were
higher than acceptable for positive identification of the unknown species. This may have been due to
the calibration drifting during the experiment, although lockspray MS should have compensated for
this. Due to the high ppm differences, there is a chance that the degradation product was misassigned

as the trinitrate despite reports describing EtriN as a degradation product of ETN.

As has been previously addressed in Chapter 3, DSA-TOF-MS provides chloride and nitrate adducts of
the nitrate ester explosives without the need to purposely add these ions to the system. From Figure
52 and Table 11, DSA-TOF-MS analysis of a sample of ETN aged at 80°C for 14 days, showed evidence
of the presence of ETN, EtriN and EdiN. The peak at 336.9587 m/z is indicative of [ETN+CI**]" while the
peaks at m/z 319.0024 and 291.9781 are indicative of [EtriN+NOs]™ and [EtriN+CI*®] respectively. A
peak at m/z 246.9914 is tentatively assigned to [EdiN+CI*°]". Like the data for LC-MS, the data shown
here for DSA-TOF-MS is the result of 5 averaged spectra. The ppm differences shown in Table 11 are
higher than acceptable for positive identification and hence there is a possibility that compounds
other than EtriN and EdiN are present, however, as mentioned previously, they are known products

of the decomposition of ETN.
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Figure 50: Liquid chromatogram of ETN heated at 100 °C for 7 days, displaying the peak for ETN at 6.8 minutes and the by-

product peak at 5.9 minutes. All other peaks are observed in a blank run.
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Figure 51: Mass spectrum obtained using lockspray LC-MS of the by-product peak at 5.9 minutes from Figure 50. The peak at
61.9881 m/z is assigned to [NOs] and the peaks at 291.9825 and 318.9994 m/z are due to Cl"and NOs” adducts of EtriN. The

unassigned peaks are background peaks.

Table 10: The observed and theoretical m/z values of LC peak at 5.9 minutes obtained through LC-MS with lockspray

Fragment Observed (average m/z) Theoretical (m/z) Ppm difference
[NOsJ 61.9881 61.9878 4.6
[EtriN+CI] 291.9825 291.9820 1.8
[EtriN+NOs] 318.9994 319.0010 -5.2
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Figure 52: Mass spectrum of ETN, aged at 80°C for 14 days, obtained using DSA-ToF-MS. The peak at 336.9587 m/z is assigned

to [ETN+CI], the peaks at 291.9781 and 319.0024 m/z are due to CI" and NOs™ adducts of EtriN and the peak at 246.9914 m/z is

assigned to [EdiN+CI]. The unassigned peaks are either calibration peaks (marked with an asterisk) or background peaks.

Table 11: MS peaks observed in Figure 52 obtained using a Perkin Elmer DSA-ToF MS.

Mass (m/z)

336.9587
319.0024
291.9781/293.9745
246.9914/248.9874

ppm

difference

-24.9
4.23
-13.5
-22.5

lon

[ETN+CI®]
[EtriN+NOs]

[EtriN+CI3>]/[EtriN+CI¥]

[EdiN+CI*°]/[EIN+CI?7]

Relative
Abundance
(%)

15

41

100

Formula

Ci0H14N11033
C10H1aN10030Cl
CsH7N6O1s
CsH7N5015Cl
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Interestingly, in many of the samples aged at elevated temperatures, sublimed crystals were clearly
observed in the vials. These crystals were typically observed when no ETN or degradation products
were detected by LC, indicating these crystals weren’t sublimed ETN or a lesser nitrated species. The
appearance of these crystals changed with temperature. Samples aged at 60 °C displayed thin crystals
protruding from the side to the middle of the vial (Figure 53 A and B). For samples aged at 80 °C, the
crystals were small and powder-like (Figure 53 C). Further work to identify the crystals may employ a
different LC column, GC-MS, or IR microspectrometry. In addition to this, gas phase IR or SPME GC-MS

may provide insight into the gaseous products formed during the degradation of ETN.
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Figure 53: A) Fine sharp crystals observed at 60°C. B) A sublimated crystal observed at 60°C showing how the crystal grows from the side of the vial into the middle. C) Powder like crystals observed

at80°C.
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5.4.6 Stabilisation studies

Samples (10 mg) of rigorously purified ETN were transferred into SPME vials as previously described.
DPA or EC (0.2 % w/w of stabiliser/ETN) was added to each of the vials, before they were hermetically
capped and aged at either 80°C or 100°C. From Figure 54 and Figure 55 it can be seen that both DPA
and EC have little effect on the degradation rate of ETN; in fact it appears as though they may have a
slight negative effect due to the increase in replicate variability. It is possible that the concentration
of the stabiliser was too low as the presence of the stabiliser- and any degradation products - were
not observed after approximately 14 days at 80 °C. It was hypothesised that using higher
concentrations of stabiliser may result in a stabilising effect being observed, however, this was not

tested due to time restraints.

As has been mentioned previously, residual acid has the potential to significantly increase the
degradation rate of crude ETN, therefore, it may be beneficial to add a base to retard this effect. Since
DPA is basic, there is the potential that it will slow the degradation of ETN by neutralising the residual
acid and by retarding autocatalysis. Therefore, further investigation of the effect of adding DPA to

crude or acidified samples of ETN should be considered.
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Figure 54 Effect of the stabilisers, DPA and EC, on the decomposition of ETN at 80 °C.
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Figure 55: The effect of DPA and EC on the decomposition of ETN at 100 °C.



5.5 Conclusions and future work

The degradation of ETN was examined at various temperatures. Studies were undertaken in the
presence and absence of acid vapour and with DPA and EC as potential stabilisers. It was found that
pure ETN had completely degraded by 28 days at 80 °C and by 14 days at 100 °C. The presence of acid
vapour was shown to significantly increase the rate of ETN degradation, with no detectable ETN
remaining by 7 days at 80 °C and after 24 hours at 100 °C. Other factors were determined to affect the
rate of degradation, such as the solvent used to prepare the samples and whether the storage vessel
was well sealed, however exposure to light did not alter the results. A single degradation product of

ETN, identified using ESI-LC-MS and DSA-ToF-MS was tentatively identified as EtriN.

The results of the experiments detailed in this chapter suggest that while acid-free ETN is stable at
60C for 28 days, in the presence of acid ETN is less stable at this temperature. Therefore ETN of
unknown origin (e.g., a forensic sample) or a crude material should be stored at 40 °C or below;
preferably below 0 °C. ETN should also be stored in containers that can be properly sealed and be
extensively purified to remove any residual acid and any solvent used to dissolve or store ETN should

be considered carefully to ensure it doesn’t cause an increase in the decomposition rate.

Results showed that stabilisation of ETN was not achieved using DPA and EC at a concentration of 0.2
%w/w; however, it is possible a higher concentration may provide more favourable results. Hence
future work testing higher concentrations of DPA and EC, along with other stabilisers, is required in
order to determine whether ETN may have some use in military or commercial applications or
establish whether criminals may be able to produce a stabilised product. Experiments using a base to

eliminate the effect of the residual acid are also of interest, with DPA being a possible candidate.
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Chapter 6: Conclusions and Future Work

Well-characterised explosives, such as triacetone triperoxide and hexamethylene triperoxide diamine,
continue to pose a threat to the public due to ease of manufacture and the availability of precursor
chemicals. However, perhaps of greater threat are so-called ‘emerging explosives’ for which little
characterisation, stability and detection data is known. In this thesis, the emerging nitrate ester
explosives XPN and ETN were examined. Chromatographic, mass spectrometric and vibrational
spectroscopy data was reported for XPN, as well as LC, crystallographic, sensitiveness and theoretical

explosive performance.

Defence expressed an interest in examining the stability of ETN during prolonged storage and its
potential use as a melt castable explosive. Consequently, this thesis investigated the chemical
degradation of ETN at various storage temperatures for up to 28 days, along with the effect that
residual acid had on the rate of degradation. As other nitrate esters, such as NC, have been successfully
stabilised, studies were conducted to determine whether ETN could be stabilised in a similar manner.
Although there is currently a gap in literature for the chemical degradation of XPN, this was not

addressed here due to time constraints.
6.1 XPN

XPN was recrystallised using a slow evaporation method to form a highly pure crystalline product.
Previous to the studies described herein, there was little characterisation data for XPN in literature.
This thesis provides and abundance of characterisation data such as LC, LC-MS, GC-MS, NMR, and
vibrational spectroscopy have been collected and can be used by Defence and first responders as
reference materials. All techniques were able to distinguish XPN from ETN, PETN and NG, although
conventional EIl GC-MS could only do so by retention times; the mass spectra did not contain unique,
characteristic ions. However, a technique known as cold-El GC-MS can provide higher m/z fragment
ions, perhaps even the molecule ion for certain explosives. It was observed that cold-El GC-MS of ETN,
NG, PETN and XPN was not able to provide molecular ions but did provide unique mass spectra for
each explosive. However, due to the high temperatures used in GC-MS and due to nitrate esters being
thermally labile, the results obtained were inconsistent and hence this technique is not recommended
for analyses of this class of compounds. Further work could be conducted using a GC technique which
utilised a high vacuum ultra violet detector (GC-VUV). This technique has been explored previously for
the post blast detection and intact detection of nitrate ester explosives, such as NG, PETN, and ETN,
hence the applicability of this technique for newer nitrate ester is warranted for first responders and
the forensic community [178-179]. The results obtained from cold-El GC-MS within this thesis, indicate
that for the method to be successful, close attention to the inlet temperature, low temperature

transfer line and low temperature and fast throughput in the column are required. Therefore, it may
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be necessary to consider a narrow bore size column for use in GC-VUV. The nitrate ester results shown
in literature by Cruse and Goodpaster (2019) suggest that they are difficult to differentiate when
analysed with a flow cell temperature of 170 °C, however at 190 °C, the relative peak height ratios
were a source of differentiation [178]. As this study showed that GC-VUV can be used to differentiate
nitrate ester explosives, it would be beneficial to expand on this information by analysing newer

nitrate ester explosives for inclusivity.

Although differentiation of nitrate esters by GC-MS is difficult, achieving this using UPLC is relatively
straightforward. Along with UPLC, direct MS using either ESI-MS or DSA-ToF-MS has also been
successful at differentiating XPN from PETN, ETN and NG. It was possible to obtain molecularions with
chloride or nitrate adducts in negative ion mode ([M + NOs]'= m/z 438.9810 and 438.9800, [M + Cl]'=
m/z 411.9605/413.9694] and 411.8612/413.9606 for direct ESI-MS and DSA-ToF-MS respectively).

Proton NMR spectrometry of XPN in CDCls gave rise to 3 proton environments- an ABX multiplet at §
4.66 and 4.91 ppm (Jas= 13.2 Hz, Jax= 5.8 Hz, Jgx= 4.0 Hz), a multiplet at 6 5.62 ppm (2H) and a triplet
at 8 5.68 ppm (J= 5.5 Hz). The 3C NMR spectrum of XPN in CDCl3 showed 3 signals at § 68.05, 74.59,
and 74.65 ppm, whereas in deuteroacetone the 3C NMR spectrum showed 2 signals at § 70.19 and
76.57 ppm. The 'H NMR spectra of ETN and XPN are similar, however, a triplet at § 5.68 ppm only
appears in the XPN spectrum. Therefore high field NMR can differentiate between the two nitrate

esters.

As benchtop NMR spectrometry is useful for first response, defence and forensic industries, a 60 MHz
NMR was evaluated for its potential to differentiate between XPN, ETN, PETN and NG. Although the
low field instrument was unable to show fine structure, the integration of the methylene and methine
signals allowed for the nitrate esters to be differentiated. The benchtop NMR is able to be used for
the analysis of nitrate ester samples of approximately 10 mg, however, it would not be of use for

analysis of trace residues or post blast analysis.

Theoretical and experimental Raman and IR spectra of XPN showed the expected NO and NO;
functional groups and were able to differentiate it from ETN. Transmission IR spectra were more
difficult to measure and displayed poorly resolved peaks compared to ATR IR spectra and hence it is
recommended that ATR and Raman spectroscopy be used in preference to transmission IR. The
molecular structure of XPN was modelled using the Becke 3LYP method and 6-31+G(d,p) basis set in
Gaussian 03. The molecular structure was then used to complete calculations in Gaussian 09 to
simulate Raman and IR spectra with the simulation allowing the approximate assignments of

functional groups to regions in the spectra.
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The crystal structure of XPN was determined using X-ray diffraction with XPN crystallising in the
centrosymmetric monoclinic space group P2:/n. The density calculated from the crystal structure was
determined to be 1.852 g.cm™ at 150 K. The enthalpy of XPN (H?%¢= 1594.360004 a.u.) was calculated
using the CBS-4M method. The enthalpy and melting point (45.5 °C) obtained from DSC measurements
were used to determine the heat of formation (-500.48 kJ.mol). The density and heat of formation
were then inputted into Cheetah 7.0 to calculate the theoretical detonation parameters of XPN. The
calculated detonation velocity and detonation pressure were 8.780 km.s* and 32.6 GPa, respectively.
These values are in agreement with those reported by Wang et al. (8.610 km.s? and 32.3 GPa

respectively) [104].

The sensitiveness of XPN was also investigated. The T of | was measured at 167 °C, which was
consistent with the DSC results that showed an exothermic decomposition reaction occurring at 169.4
°C with a peak maximum at 185.8 °C. The DSC exotherm is consistent with previously reported data
[105]. The T of I value of XPN was like those reported for ETN and PETN, and significantly lower than
those reported for lead azide and RDX. [152-153, 164-165]. XPN, with an F of | of 25, is significantly
more sensitive to impact than PETN which has an F of | value of 50 [164]. During the Rotter impact
testing of XPN, the average gas evolution was 6 mL which is consistent with an explosive of moderate
to high performance. XPN displayed a low crackling noise when 18 N was applied during friction
testing, however when 16 N was applied XPN did not initiate. This indicates that XPN is significantly
more sensitive to friction than ETN and PETN, but is less sensitive than lead azide [164-165]. The ESD
measurements showed that XPN has a similar sensitivity to electrostatic discharge as ETN and RDX
[164-165]. From the results of the sensitiveness testing, XPN can be classified as a primary explosive

and this would present difficulties in the application of XPN to criminal or terrorist activities.

Experimental detonation parameters, measured at or near the maximum theoretical density, have not
been reported for XPN. It may be that the experimentally derived detonation velocity never
approaches the theoretical value because the explosive is too sensitive to achieve sufficient pressing

loads.

Obtaining experimental density and detonation parameters and comparing them to the theoretical

data provided in this thesis is the topic of future investigations.
6.2 ETN

The chemical degradation of rigorously purified ETN was investigated at 60, 80 and 100 °C. It was
determined that ETN is stable at 60 °C for at least 28 days, with no significant degradation observed
by UPLC analysis. At 80 °C, there was no detectable ETN at 28 days and at 100 °C there was no

detectable ETN at the 14 day timepoint. When ETN was in the presence of acid vapour, there was an
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increase in the degradation rate. Samples stored at 100 °C showed less than 5 % ETN at the 24 hour
timepoint. For samples stored at 80 °C there was less than 1 % ETN detected at 7 days and at 60 °C
there was no detectable ETN remaining after 14 days. As ETN degraded at 60 °C in the presence of
acid vapour, 40 °C was also tested. It was observed that at this temperature, ETN is stable for at least

28 days in the presence of acid vapour.

During initial studies, high variations between replicates was observed, which was ascribed to the
involvement of peroxide impurities in the solvent used in experiments (diethyl ether). It is theorised

that degradation was catalysed by a peroxide contaminant, a common impurity in diethyl ether.

Throughout the chemical degradation studies, there was one degradation product observed by UPLC

analysis; this was identified as EtriN using LC-MS and DSA-ToF-MS.

Samples heated at 60 °C and 80 °C, which had no detectable ETN, sporadically showed the presence
of sublimed crystals The crystals were not attributable to EtriN as they could not be observed using

UPLC.

These crystals could be investigated in future studies using a different column and chromatographic

conditions, IR microscopy if crystals can be collected, or in situ using Raman microscopy.

Stabilisation studies of ETN with either DPA or EC were unsuccessful. There was no significant change
in the rate of degradation at 80 °C and 100 °C when DPA and EC were added to samples of ETN.
However, further studies could be conducted which employ a higher concentration of stabiliser, as

the stabiliser was depleted after approximately 14 days at 80 °C.

Stabilisers were also not investigated using ETN samples exposed to acid vapour. It is possible that
since DPA is basic, it could reduce the effect that the acid vapour has on the degradation rate of ETN.

Therefore a future investigation of DPA as a stabilizer for ETN is warranted.

If future studies involving the stabilisation of ETN are not successful, it could indicate that ETN does
not follow the same degradation pathway as NC. As purified ETN is stable at 60 °C for up to 28 days
and at 80 °C for approximately 14 days, it may be amenable to melt-casting. As it has a melting point
of 61 °C, ETN could be melted at 65 °C - 70 °C and then cast before any significant decomposition
occurs. If stabilisation is successful and the resultant product can be melt-cast, tests to determine

whether the addition of stabiliser effects the explosive properties of ETN should be conducted.

Longer sugar alcohols, such as mannitol and sorbitol, have been nitrated to form the hexanitrate
esters mannitol hexanitrate (MHN) and sorbitol hexanitrate (SHN). However, studies have shown that
MHN and SHN are significantly more prone to thermal decomposition than ETN, with SHN showing

signs of degradation (appearance of brown gas) after a week at room temperature [145, 180]. The
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melting point of MHN is 110 °C which is close to the decomposition temperature onset of 143 °C [181].
This most likely makes it unsuitable for melt-casting. The melting point and decomposition onset
temperature of SHN have been reported by Lease et al. as 55 °C and 145 °C respectively [181],
however, Gribanov et al. report them as 53 °C and 163 °C respectively [182]. Regardless, the
temperature difference indicated that SHN may be suitable for melt casting. However, it is more

sensitive than ETN and stabilisation may also be needed.

While XPN is more sensitive than ETN, the chemical degradation has not been investigated. Due to the
difference between then melting point and degradation onset temperature of XPN, it could be a
candidate for melt-casting. However, the chemical degradation would need to be studied and the low
melting point of XPN (45.5 °C) may cause the resultant melt-cast product to melt under certain storage

or application conditions.
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Appendix 1: Supplementary information for Chapter 3
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Figure 56: Direct comparison of the experimental Raman spectrum of XPN to the theoretical Raman spectrum of XPN
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Figure 57: Direct comparison of the experimental ATR IR spectrum of XPN to the theoretical IR spectrum of XPN
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Figure 58: Direct comparison of the experimental NaCl IR spectrum of XPN to the theoretical IR spectrum of XPN
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Figure 59: 1H NMR of XPN in (CD3)2CO obtained using a Bruker 600 MHz NMR spectrometer. The signal arising from the 4
(diastereotopic) methylene protons on the terminal carbon atoms was observed as a ABX multiplet centred at § 5.09 and 5.24
(JAB=13.0 Hz, JAX = 5.7 Hz, JBX = 3.6 Hz), the signal from the two methine protons on carbon atoms 2 and 4 was observed as a

multiplet at 6.15 (2H, m) and the methine proton on C3 gave rise to a triplet at 6.23 (J = 4.8 Hz).
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Figure 60: Low field NMR 1H NMR of ETN, NG, XPN and PETN in (CD3)2CO
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Figure 61: Mass spectrum of ETN obtained using a DSA-TOF MS. The unassigned peaks are either calibration peaks (marked

with an asterisk) or background peaks.

Table 12: ETN MS peaks observed in Figure 61 obtained using a DSA-TOF MS.

Mass (m/z) ppm lon Abundance Formula
difference
638.9653 0.01 [2M+CIP*T/[2M+CI¥7) 19 CsH12N5024Cl
363.9859 -0.38 [M+NOs] 17 CsHsN5015
336.9673/338.9650 -0.67 [M+CI¥]/[IM+CP7] 100 C4HeN401,Cl
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Figure 62: MS/MS data obtained from m/z 193 arising from XPN. Ar collision gas (2.0 mTorr) and 1 V collision induced

dissociation energy. Scan range m/z 40— 200, mass filter m/z 193 with a 0.7 window.
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Figure 63: Mass spectrum of NG obtained using GC Cold EI MS. Using the same temperature program as used for the analysis

of XPN (retention time approximately 10.55 min), the retention time for NG was approximately 4.62 min.
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Figure 64: Mass spectrum of ETN obtained using GC Cold EI MS. Using the same temperature program as used for the analysis

of XPN, the retention time for ETN was approximately 6.12 min.
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Figure 65: Mass spectrum of PETN obtained using GC Cold EI MS. Using the same temperature program as used for the analysis

of XPN, the retention time for PETN was approximately 9.40 min.
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Figure 66: Extracted ion chromatogram (m/z 46) of a mixture of PETN, XPN and ETN

300007

20000+ — m/z46.0

Intensity

100007

0 Dol S gt st e o
L et e B B B B B B

0 2 4 6 8 10 12 14 16 18
Retention Time (minutes)

Figure 67: Extracted ion chromatogram (m/z 46) for a solution of XPN
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Figure 68: Extracted ion chromatogram (m/z 46 m/z) for a solution of XPN
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Figure 69: Extracted ion chromatogram (m/z 193) for a solution of XPN
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