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Abstract

Fourier transform infrared spectroscopy (FTIR) has applications in many areas of
forensic science. The ability to produce information rich spectra is of particular use
for the characterisation and discrimination of materials. High resolution FTIR can
produce even more detailed spectra and therefore improved characterisation and
discrimination. However, the production of information rich spectra requires

suitable statistical tools for analysis, with multivariate analysis often used.

The mid infrared region contains the ‘fingerprint region’ which is used for the
detection and identification of many different materials, and is therefore an area of

investigation in the field of explosives detection.

This research aimed to utilise high resolution mid infrared FTIR for the
characterisation of explosive precursors in the vapour phase. Detailed examination
of the spectra produced would provide information on spectral regions that could
be applied as targets for detection systems, for example those based upon
Quantum Cascade Lasers (QCLs). By building up detailed knowledge of the spectra
produced by different materials this research aimed to determine the most suitable

spectral regions for the identification of explosive precursors.

In addition, this research aimed to investigate whether it was possible to use high
resolution FTIR to discriminate between laboratory grade materials and their shop
bought counterparts containing additives and impurities. Acetone, alcohols and

hydrogen peroxide were analysed in this work.

The research also aimed to determine whether brand discrimination was still viable
following concentration of two hydrogen peroxide containing brands. The ability to
identify that a material had been concentrated but tie it back to its brand would be

of great significance for intelligence gathering.
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The findings of this research demonstrate that high resolution FTIR can successfully
be applied to the characterisation of explosive precursors and, in combination with
chemometric techniques, discriminate between different precursor brands even

following concentration of the precursor material.
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Chapter 1. Introduction

The research detailed in this thesis is focused upon the detection and
characterisation of explosive precursors and explosive materials. The research
aimed to inform the development of a qualitative detection system (based on the
application of Quantum Cascade Lasers) for use in airports and other civilian
checkpoints[1] through the characterisation of specific compounds of interest and

the monitoring of modifications made to one of these compounds.

Chapter 1 focuses on a brief introduction to explosive materials and their detection
and includes a short history of the development and chemistry of explosive
materials, their use in terrorism and the systems for the detection of such materials.
The chapter aims to give a broad overview of the topic and the many different
aspects that must be considered for the characterisation and detection of explosive
materials. For example, while this work did not directly deal with the structure of
improvised explosive devices, the construction of an explosive device can affect the
ability of a detection system to reveal a target material. Similarly while the research
focus was primarily on the detection of explosive materials pre-blast, and the
characterisation of explosive materials and precursors for intelligence gathering
purposes, post-blast detection is also covered in this chapter as the techniques
detailed in this report have the potential, with further work, also to be used in this

setting.

Chapter 2 provides an overview of spectroscopy and spectroscopic techniques,
focusing on infrared spectroscopy. This chapter discusses the specific spectroscopic
instrumentation used in this research project. As the initial focus of this project was
the development of a quantum cascade laser based explosives detection system,
this technology is addressed along with a review of the literature on infrared
spectroscopy and quantum cascade laser based explosives detection systems. This
chapter also provides a brief introduction to the chemometric techniques that can

be employed for the analysis of spectral data.



Chapter 3 details the initial development of an experimental protocol for high
resolution Fourier Transform spectroscopy (FTS) using diesel as the target material.
The purpose was to develop and validate a robust analytical methodology for the
FTS equipment. The chapter presents the application of the developed
experimental protocol to a range of compounds of interest and the interpretation
of the data obtained, including the classification of spectral features and the
identification of those spectral features potentially suitable for detection with

Quantum Cascade Lasers (QCLs).

Chapters 4 and 5 detail the analysis of acetone and acetone based nail polish
removers and the analysis of alcohols respectively, using the experimental
methodology developed in Chapter 3. The purpose was to determine whether the
spectral data could discriminate between laboratory grade material and shop

bought materials.

Chapter 6 provides details of the analysis of hydrogen peroxide and hydrogen
peroxide based materials to determine whether it was possible to discriminate
between laboratory grade material and shop bought variants. This chapter also
covers the analysis of shop bought hydrogen peroxide samples that had been
modified through concentration under controlled circumstances in the laboratory.
The purpose was to determine whether brand specificity of the concentrated
material was still viable while also determining that the material had been

concentrated.

Chapter 7 provides a summary of the research and some conclusions. It also

presents suggestions for future work.



1.1 Introduction to explosive materials

Explosive materials surround us in our everyday lives, with many legal uses, both in
a military and industrial context. Explosive compounds are also used for medical
applications, for example some nitrate esters are used to treat heart disease[2].
However, despite all the positive uses, explosives can also be used in terrorist

activities[2, 3].

An explosion can be defined as the fast expansion of gases as a result of a chemical
or physical action that results in the formation of a pressure wave[4]. There are four
basic types of explosion; mechanical, chemical, nuclear and electrical[4]. An
example of a mechanical explosion would be a boiler explosion, where pressure has
built up to a point that results in the failure of the boiler container[4]. A nuclear
explosion involves the splitting or fusing of atoms producing very large amounts of
energy in a variety of forms such as x-rays and [4]. Electrical explosions are less well
understood with several theories as to the action of the explosion, however all
normally involve the action of high-energy electrical arcs[4]. Chemical explosions
are those which are most commonly encountered and are the main focus of this

chapter.
1.1.1 A brief history of explosive materials

The first documented explosive compound was black powder (a mixture of charcoal,
sulphur and potassium nitrate[5]), sometimes referred to as gun power[5], with the
discovery being made in China around 220 BCE[6]. It was not introduced into
Europe until around 700 CE where it was used in a military setting in the form of
primitive rockets and stun grenades[7]. By the end of the 13 century, black

powder was being used for breaching castle walls and city defences[7].

As with most discoveries, after the initial success, work was carried out to improve
the product and search for new uses[5]. One of the ways black powder was
improved was the development of the Corning Process. This improved the mixing

process that brought the fuel (charcoal and sulfur) and oxidiser (potassium nitrate)



into much closer proximity, resulting in a more effective explosive mixture[6]. The
mixture itself was also adjusted with the ratio of charcoal, sulfur and potassium
nitrate undergoing many variations[5]. The most common ratio of charcoal, sulphur

and potassium nitrate now used is 15:10:17 by weight respectively[5].

Nitroglycerine was the next documented explosive to be discovered, with Professor
Ascanio Sobrero credited with the initial discovery[6, 8]. However, after he
discovered the material’s explosive properties, he halted his experiments and it
wasn’t until Immanuel Nobel developed a manufacturing process, almost twenty
years later, that nitroglycerine began to be used as an alternative to black powder
in the mining industry[6]. Immanuel Nobel’s son, Alfred, was also involved in the
manufacture of nitroglycerine and in 1864 invented the blasting cap detonator[6].
This used shock sensitive mercury fulminate to create a shock wave through its
detonation which could initiate a bulk charge, such as nitroglycerine[8]. The
invention of the blasting cap detonator was shortly followed by the development of
ghur dynamite[6, 8], also by Alfred Nobel, which involved mixing an absorbent clay
(Kieselguhr) with nitroglycerine to produce a material with reduced sensitivity and
increased stability but that could be readily detonated using the blasting cap
detonator. However, due to the presence of inert material, the overall explosive

power was lower than that of nitroglycerine[8].

In parallel to the development of nitroglycerine another explosive compound,
nitrocellulose was being developed[6]. The nitration of different materials, such as
starch, paper and cotton, appears to have been carried out by several individuals,
however the first official announcement of the process of nitrating cellulose was
made in 1846 by Christian Schéonbein[9]. Nitrocellulose, like nitroglycerine, suffered
from instability problems, and it wasn’t until the work of Sir Frederick Abel and E.A.
Brown in the late 1860s that nitrocellulose was produced, via a pulping process, in a

stable enough state for (relatively) safe use[6].

1875 saw Alfred Nobel’s next discovery, gel dynamite[6]. He found that by mixing

nitrocellulose and nitroglycerine a waterproof gel was formed, and this was



developed into blasting gelatine and gelatine dynamite[8]. By combining two
explosive materials rather than one explosive and one inert material, Nobel was
able to solve the one failing of his ghur dynamite, the loss of power.[8] This

discovery also led to the development of smokeless powder, or ballistite[8].

The late 19™ and early 20" century saw a period of significant development in
military explosives[5]. Picric acid was already known as a material dye but in the late
19" century its explosive properties began to be explored and in 1888 it formally
replaced black powder in British munitions, with other nations following suit[6]. The
early 20" century saw the development of tetryl, which came to be used in blasting
caps[6]. Two explosives extensively used in the First World War were also

developed during this period, trinitrotoluene (TNT) and nitroguanidine[6].

The inter-war years saw a period of sustained research into the development of
new explosives[5]. Some came from rather unusual sources, the most obvious
example being cyclotrimethylene trinitramine, better known as RDX (Research
Department eXplosive[10]), which as originally developed as a medicine[11]. The
chemically related HMX (or octogen) was also developed at this time, as was
pentaerythritol nitrate or PETN[6]. Many of these new explosives had been
documented several years earlier, but until this point suitable manufacturing
processes had not been developed for these compounds. All of these explosives

were used, on their own and as mixtures, during the Second World Warl[6, 11].

Ammonium nitrate had first been prepared in 1654, with its explosive properties
also being noted at several points in the 19" century[6]. However it was only used
in an explosives context in mixtures such as dynamite and Amatol (where it is mixed
with TNT)[12].It took three disastrous explosions in 1947 to convince the world of
its dangerous nature[13, 14].These explosions occurred as a result of fires in
ammonium nitrate stores resulting in burning to detonation. A better knowledge of
the explosive powers of ammonium nitrate came about following these
explosions[13] and led to better storage and transport of fertilizer grade material in

addition to the investigation of its use as an explosive compound in its own right[6].



1950 saw the development of waterproof explosives for mining, the most
prominent of which was Ammonium Nitrate Fuel Qil or ANFO. This is still used in
some mining operations today, although it has in part been replaced by emulsion

explosives which also use ammonium nitrate but within a layer of oil[6].

The early post war period saw the major development of plastic, or polymer bound,
explosives[6, 11]. These are generally mixtures of RDX, PETN and HMX combined
with a plasticiser. The plasticiser serves as a stabilising matrix surrounding the
explosive crystals allowing safer handling while the mixture of explosive materials
can produce a more powerful reaction[6, 11]. The most well-known plastic

explosives are probably semtex (a RDX/PETN mixture) and C4 (RDX)[6].

The end of the 20" and early 21% centuries have seen few discoveries of completely
new explosives within the military or mining industry, with most work focusing on
improving existing explosives mixtures, both in terms of explosive power but also
stability and safety of handling[6, 11]. Some work however has resulted in the
development of nitrocubanes (CgH;NO,) which have a very high predicted
detonation velocity[11, 15, 16]. Tables 1.1 and 1.2 provide addition information on

the explosive materials that have been described in this section.

Table 1.1 The short name, IUPAC name and formula of explosive materials covered in section 1.1.1

Short Name IUPAC Name Formula

Black powder n/a S, C & KNO;

Nitrocellulose n/a C¢Hs(NO,)Os

Guhr dynamite n/a C3HsN;O4 & diatomaceous
earth

Ballistite/ Smokeless powder | n/a Picrate mixtures with an

oxidiser (nitrate, chlorate or
dichromate)

ANFO n/a NH,NO; and fuel oil
Semtex n/a PETN, RDX, with binder,
plasticiser, antioxidant and
dye

Cc4 n/a RDX with binder and
plasticiser

Heptanitrocubane Heptanitrocubane CsHN;014

Octanitrocubane Octanitrocubane CsNgO46




Table 1.2 The short name, IUPAC name and structure of explosive materials covered in section 1.1.1

Short Name IUPAC Name Structure/ Formula
Nitroglycerine 1,2,3-Trinitroxypropane ﬁ
g B
D\NA/O\)\/O\N,/O
| |
[¢] [¢]
Mercury Fulminate | Mercury (ll) Fulminate Hg*
N./&c c\\w
" -
Picric acid 2,4,6-Trinitrophenol ﬁ ‘|°|
G Mo
HO
P .
Tetryl N-methyl-N,2,4,6- ﬁ ‘|’|
tetranitroaniline A &
o
I
N/N\O
o e |
TNT 2-Methyl-1,3,5-trinitrobenzene ﬁ ‘|’|
o N
Nitroguanidine 1-Nitroguanidine ‘|3| NH
N )L
o7 \u NH,
RDX 1,3,5-Trinitroperhydro-1,3,5- ﬁ ‘|°|
triazine B
L
l.
i s
HMX Octahydro-1,3,5,7-tetranitro- A
0 &
1,3,5,7-tetrazocine | /
/N\N/\Nw
(L
|
PETN [3-Nitrooxy-2,2- /
bis(nitrooxymethyl)propyl] N\, ﬁ
nitrate 5 ODCO/N‘\O.
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1.1.2 Chemistry of explosives

Chemical explosives are defined as compounds which experience violent
decomposition producing heat, gas, and rapid expansion of matter[17] and can
essentially be considered as a combustion reaction[4]. An explosive material will
contain both a fuel and an oxidiser[6]. In some cases the fuel and oxidiser are
brought together in the form of a mixture such as gunpowder, where charcoal and
sulphur form the fuel component with potassium nitrate as the oxidiser[5], or the
fuel and oxidiser may be contained within the same molecule, such as
trinitrotoluene[6, 18]. As a general rule those compounds containing the fuel and
oxidiser within the same molecule are more powerful as the two are in such close
proximity[6, 18]. However, the performance of an explosive mixture can be
increased by improving the mixing process[6, 7] and therefore bring the fuel and

oxidiser into closer proximity with each other.

The explosive reaction can result in either a deflagration or detonation depending
upon the speed of the reaction and the resulting shock (or pressure) wave.
Deflagration occurs if the reaction results in an expansion of gas, known as a shock
or pressure wave, that travels at a subsonic speed[4, 19]. Detonation occurs when
the speed of reaction results in a supersonic shockwave[4, 19]. The effects of a
detonation can be far more significant than that of a deflagration as the shock wave
produced will have a greater force and therefore be more destructive, typically with
a shattering and/or shearing effect[19]. However, location, and size of an explosion

can also effect the destructive power[4].

As has already been stated, the reaction process undergone by an explosive is a
combustion reaction. However, in the case of a deflagrating explosive the material
will burn at a quicker rate and more fiercely than combustible material that is not
explosive[6]. A deflagrating explosive can be initiated, or ignited in a number of

ways such as shock, sparks, flame, high temperatures and friction[6].

Following initiation of a deflagrating explosive, plastic flow of the material, voids or

bubbles in liquid being compressed, or friction between solid particles results in the



development of local, finite ‘hotspots’. This results in the production of volatile
gaseous intermediates and heat which react exothermically producing sufficient
heat and energy to initiate the surrounding surfaces of the material in a process

that is self-propagating[6].

The speed of reaction of a deflagration can be increased through confinement[6,
18, 19]. The process of confinement affects the speed of reaction by causing a build-
up of gases produced during the reaction, and therefore an increase in internal
pressure and temperature[6]. An example of the effect of confinement would be
the comparison between black powder poured out and set alight and black powder
within a pipe bomb. When black powder is unconfined it will burn, but when

contained within a pipe bomb it will explode[19].

A detonating explosive will, following initiation, decompose through the passing of
a shockwave through the material. The velocity of a shockwave in a detonation of
solid and liquid explosives is typically between 1500-9000 ms. The speed of the
decomposition is dependent upon the speed of the transmission of the shockwave.
There are two ways to achieve detonation, an initial shock or through burning to

detonation[6].

Burning to detonation simply involves the ignition of an explosive material that is
confined resulting in an increase in the burning rate. Therefore it can also apply to
deflagrating explosives[6]. The other method of initiating a detonation is via a
shockwave. Any shockwave used for this purpose must be of high velocity[6]. The
shockwave initiates detonation by causing adiabatic heating, through the
compression of particles in the explosive. This results in an increase in the
temperature of the material to above the decomposition temperature. The
shockwave is accelerated by the exothermic decomposition of crystals in the
explosive material and when the velocity of the shockwave in the material is faster
than the speed of sound the material will detonate. The time from initiation to

detonation may be measured in microseconds[6].



1.1.3 ‘Homemade explosives’

'Homemade explosives' or HMEs are explosives that can be manufactured outside
of a traditional laboratory, and with materials that are readily available to the
general public[20]. Improvised explosives form a major focus in the forensic
investigation of explosive-related events[21]. The internet has allowed information
on how to produce HMEs, previously confined to anarchist literature, to become
much more freely available[22]. Prominent examples of homemade explosives are
the hydrogen peroxide based triacetone triperoxide (TATP) and hexamethylene
triperoxide diamine (HMTD) whose structures are given in figure 1.1. HMTD (along
with concentrated hydrogen peroxide) was the explosive used in the attacks on the
London transport system on 7" July 2005[20, 21, 23]. TATP can be made using
hydrogen peroxide and acetone[24, 25], both of which can be purchased easily in

the form of hair bleach and nail polish remover (as well as other forms).

HMEs are typically more sensitive to stimuli than their legally manufactured
counterparts[17, 26] resulting in a risk of accidental initiation[21]. This explains why
although such materials have explosive properties, they have not been adopted as

military or commercial explosives as they are considered too unsafe[25, 27, 28].
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Figure 1.1 The chemical structures of A: TATP (in trimer form) and B: HMTD
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1.1.3.1 Peroxide based materials

The classification of peroxide based materials covers three main explosives; TATP,
HMTD and concentrated hydrogen peroxide mixed with organic materials
(HPOM)[21]. TATP has been known as an explosive material since the late 19th
century[2, 21, 28], however since the 1980s it has been used by terrorists with the
first documented cases appearing in Israel[21, 28, 29]. As stated previously TATP
can be produced using materials purchased from the High Street however, these
materials are not pure and can result in the production of an impure explosive
material. This is significant because the purity of the peroxide explosive will have an
effect on its stability[22]. The instability and therefore risk of accidental initiation
has resulted in bomb makers naming TATP "the Mother of Satan[22]". As a result of
its use in terrorist attacks much research has been carried out to understand the
chemistry and properties of TATP[17, 29-36]. TATP is a solid at room temperature,
generally in the form of a crystalline material that is white in colour[21, 35]. In pure
form, the melting point of TATP is 91-98.5°C with any impurities serving to lower
this value[21, 35] and in addition to this at temperatures of around 60°C TATP has
been found to sublime[21, 33]. This combined with a vapour pressure at room
temperature of 6-7 Pa[21] means that it is extremely volatile which in turn means
that it is very suitable for detection via a vapour detection system[21, 35]. TATP is
an unusual explosive in that the mechanism by which it explodes is entropic[21, 31,
35]. This means that instead of an oxidation reaction the molecule decomposes in
an entropy burst, producing acetone and carbon dioxide although thermal
decomposition has also been observed in the gas phase. The detonation of TATP
does not produce heat or any flames, these occur later as a result of the ignition of
the acetone molecules released in the entropy burst through friction with the

air[21].

HMTD emerged as an explosive used in terrorism at a similar time to TATP[28, 29,
37]. HMTD can be produced from hydrogen peroxide, hexamine and citric acid[38,
39]. While HMTD is more sensitive to stimuli such as friction than TATP, the

molecule itself is more stable[21, 35, 40]. Unlike TATP where thermal
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decomposition occurs in the gas phase, for HMTD this occurs in the condensed

phase[21, 35, 41].

While TATP and HMTD are not the only ‘homemade’ organic peroxide materials
that are capable of detonation, they are the only ones that have thus far been

encountered by the forensic community[21].

Hydrogen peroxide vapour in a highly concentrated form can be explosive in its own
right[21, 42] with hydrogen peroxide/water concentrations of around 60% capable
of thermal decomposition[42]. More commonly the hydrogen peroxide is mixed
with a fuel to create an explosive mixture[21]. The concentration of the hydrogen
peroxide has been shown to be crucial for reliable detonation, for example the
hydrogen peroxide present in the HMEs of the failed attack on the London transport
system on 21% July 2005 was found not to be at a sufficiently high concentration to

ensure detonation and as a result the devices failed to initiate[21].
1.1.3.2 Fertiliser based materials

In addition to illicit HME use ammonium nitrate also has several legitimate uses, as
a fertilizer and in mining as the oxidiser in slurry explosives[21]. The availability of
access to ammonium nitrate in the form of fertilizer has contributed to it being a
common component of HMEs[21]. The fertilizer, which is generally in prill or
powdered form, is mixed with a fuel such as fuel oil or sugar to create an explosive
material commonly referred to as ANFO[21]. However, while ammonium nitrate
explosive mixtures are common HMEs, such mixtures can suffer from large critical
diameters[21]. This means that during detonation the release of energy is not fast
enough to keep up with the shockwave which results in a loss of energy that is
greater than the rate of energy being produced and as a consequence it is not
possible to maintain a self-sustaining reaction.[21] This means that there is a risk
that the explosive material will not detonate[21]. To combat this, high weights are
often used for the charge, and the mixtures are confined to produce a significant

increase in velocity of detonation[21].
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Urea nitrate is another explosive that can be produced using fertilizer. Urea based
fertilizer is reacted with nitric acid[21, 43]. Unlike ammonium nitrate mixtures
where the fertilizer component is the oxidiser, in urea nitrate the fertilizer is the
fuel to the nitric acid oxidiser[21]. Detonation of urea nitrate in the presence of a

booster is more reliable than ammonium nitrate[21].
1.1.3.3 Inorganic salt based materials

Inorganic salt based materials tend to be physical mixtures of oxidising salts and a
wide variety of fuels[22]. Inorganic salts include nitrates and nitrites,
permanganates, chlorates and perchlorates[22] and as such the fertiliser based
explosives described previously could also be classified as inorganic salt based
explosives. Chlorate and perchlorate salts are commonly found in pyrotechnics, this
is because, in general, these mixtures will deflagrate rather than detonate[21]. As a
result perchlorate mixtures are only rarely used as high explosive materials;
however chlorate mixtures have been used particularly in large improvised
explosive devices such as the vehicle-borne devices seen in Northern Ireland during
the IRA campaign of the 1980s and 1990s[22]. It is also believed that the vehicle-
borne explosive device in the 2002 Bali Bombing was a mixture which included

potassium chlorate[22].

Permanganate salts came to prominence in 2009 with the ‘underpants bomber’
Umar Farouk Abdulmutallab[22]. The initiation system for his failed explosive device
was a mixture of ethylene glycol and potassium permanganate[21, 22]. The
combination of an alcohol and potassium permanganate forms a hypergol[21]
which is a material that can spontaneously combust[21]. Any future occurrences of
permanganate salts in improvised explosive devices are most likely to be as part of

initiation systems as, while sensitive to stimuli, they don’t detonate[21].
1.1.4 Classification of explosives

There are two main classification systems for explosives. Neither has a significant

advantage over the other and there are also other less frequently used systems in
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existence. The system in use generally depends upon the nation responsible for the

classification[44].

Explosive materials can be separated into two groups, primary and secondary
explosives[17]. Primary explosives are generally used in detonators to initiate
secondary explosives. This is because they are extremely sensitive, being initiated
by friction, heat or sparks[17] . Initiation is reliable, but due to the ease of initiation
it is only safe to handle such materials in small quantities. Secondary explosives are
more stable than primary explosives, requiring a shockwave to initiate
detonation[17, 18]. A detonator containing a primary explosive or a small amount
of sensitised secondary explosive[17] is required to produce the shockwave that will

detonate the bulk charge of secondary explosive.

The second classification separates explosive materials into two groups, high and
low explosives[45]. While primary and secondary explosives are classified according
to sensitivity, high and low explosives are classified according to their power. Low
explosives are generally explosive mixtures used as propellants[46], while high
explosives encompass a wider range of explosive compounds used for a variety of

purposes.

An alternative to these classifications is to measure explosive compounds in terms
of brisance, defined as “the destructive fragmentation effect of a charge on its
immediate vicinity”[47] and could be described as a measure of the shattering that
occurs to the area around the site of an explosion[4]. While it is impossible to
qguantify the performance of an explosive within a single parameter[47], brisance is

often used as a relative measurement of performance.

Explosives can also be classified depending upon whether they deflagrate or
detonate. However, this classification is somewhat fluid as a deflagrating explosive
can sometimes detonate if confined. Secondary explosives and high explosives will
generally detonate without confinement, however the strength of any explosion
can be increased to a degree via confinement[18]. Similarly when classifying high

and low explosives the separation can be carried out depending upon the speed of
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the expansion of gases produced. Once again this is fluid as confinement can affect

this[19].

Explosives can also be classified based on their chemical structure. This can take the
form of four main categories; organic compounds with a nitro group, organic
peroxides, inorganic salts and oxidiser/reducing agent mixtures[2]. Compounds
containing nitro groups can be further subdivided into; nitroamines, nitrate esters

and compounds where the nitro group bonds straight to a carbon atom([2].

Another alternative classification system would be to divide explosive materials by
use. This has three categories; military, industrial/commercial and illicit improvised
materials[2]. However, this classification does not provide a great amount of
information about the explosive itself, although it is generally safe to assume that
improvised materials will be more unpredictable in terms of sensitivity, stability
and power[22]. To clarify, any explosive material could be deemed illicitly
improvised if it was not produced under controlled, regulated conditions[21].
However, the focus of most investigation regarding improvised materials refers to
'homemade explosives' that have no commercial or military purpose[21], and are

used in illegal activities[2].
1.1.5 Explosive devices and improvised explosive devices (IEDs)

The ‘explosive train’ is the name given to the components that make up an
explosive device which result in a progressive increase of power culminating in the
detonation of the main (or bulk) charge. Figure 1.2 provides a representation of the

explosive train.

a )

Main
Charge

Control

System

Figure 1.2 A block diagram representing the explosive train
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The control system could be something as simple as a cord fuse, but generally is
mechanical or electrical[17]. It is likely to contain a timing device to ensure that the
operator is a safe distance away before the main charge explodes, the exceptions to
this would be a device carried by a suicide bomber or a victim-initiated explosive
device[17, 21, 22, 48]. The control system provides the stimulus to initiate the
primary explosive within the detonator. The shockwave generated from this is
sufficient to initiate a booster, normally composed of a small amount of sensitised
secondary explosive which in turn produces a shockwave sufficient to initiate an
explosion within the main charge that contains a bulk amount of secondary
explosive. In some cases the booster is not required and the power of the detonator
is sufficient to initiate the main charge. This will often depend upon the nature of
the bulk explosive, and the amount of material within the main charge, generally

large amounts will require a booster[17].

Improvised explosive devices (IEDs) will often contain all the parts of the ‘explosive
train’ however, they can be differentiated from military and commercial explosive
devices by the fact that at least one of the components will be improvised or
‘homemade’[21, 22]. According to Beveridge[22] there are two basic elements of an
IED and three additional components. The basic elements are the explosive and the
initiation system([22], these can be seen as the ‘explosive train’. The additional
components are a container, binding material and shrapnel or other hazardous
material[22] where “the nature of each device is determined by the nature of
target, the ingenuity and skill of the bomb maker, and access to the

components.[22]”

The control (initiation) system used in an IED will depend upon the type of explosive
material within the IED and the method of initiation wanted (delay, victim or
command)[22]. As stated previously, delay initiators ensure that the operator of the
device is a safe distance away from the device when it detonates. In the case of an
IED used in an attack this allows the perpetrator to be away from the location at the

time of the explosion, and therefore potentially harder to trace after the
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incident[22, 49]. A victim-initiated device is often colloquially described as a “booby
trap[22]”. The initiation system will be designed to initiate the explosive without a
delay, effectively like an on-off switch[22]. A command initiator will also act like an
on-off switch but one that can be activated at a distance[22]. While not activated at
a distance the on-off switch used in an IED carried by a suicide bomber could also
be described as a command initiator[22]. Knowledge of the types of materials that
may be incorporated within an IED is important for developing detection systems as
the structure and makeup of an IED may mask the explosive material, potentially

preventing its detection.
1.1.6 The use of explosives in terrorism

The UK threat level, at time of writing, from international terrorism is severe (on a
scale of low, moderate, substantial, severe, critical[50]) , meaning that a terrorist
attack is a strong possibility[51]. While terrorist attacks can take several forms,
often the most common attack involves explosive materials. Terrorism, both
international and domestic, is not a new problem, neither is the use of explosives as
a terrorist weapon. What has changed is the scale and frequency of these attacks,
and the development of the global media so that the public is more informed of

attacks that occur[3].

One of the earliest, and certainly one of the best documented[21] terrorist use of
explosives was the failed Gunpowder Plot in 1605[49], where a group of men led by
Robert Catesby (including the now infamous Guy Fawkes) tried to assassinate King
James | and the leaders of the ruling Parliament using gunpowder hidden in the
cellars beneath the Houses of Parliament[21, 52]. Tensions between Irish
nationalists and the British mainland led to several bombing campaigns, the first of
which was as early as the 1880s[21, 51]. The targets of these attacks were mainly
the police and government, and this led to the formation of the Police Special
Branch as an arm of the Metropolitan Police Force (later spreading to all UK police
forces) dedicated to the monitoring and prevention of threats to the State including

terrorism[49]. Russia also saw a sustained bombing campaign with the Bolsheviks
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carrying out attacks using explosive devices in the years that preceded them taking

power[49].

While the majority of bombings are carried out by terrorist groups, there is also a
threat from disaffected individuals[49]. In some ways these attackers are more
dangerous as they are often harder to detect beforehand as, while the agendas of
terrorist groups are often well known[49], the complaints of a particular individual
may not become apparent until after the attack. Notable examples of such
individuals are Ted Kaczynski, the Unabomber, who carried out a letter bomb
campaign in the United States over a period of 18 years[49], Timothy McVeigh who
was responsible for the Oklahoma City bombing[21, 49] and in 2011 Anders Behring

Brevik who detonated a fertiliser bomb in Oslo, Norway[53, 54].

The use of explosives in terrorist attacks has changed over time[21, 49]. While the
first targets were generally governments, the police or military, civilians are now
also targeted[49]. Suicide attacks are also far more common and widespread, as is
the idea of co-ordinated attacks where several bombs are detonated at the same
time, or close together so as to cause the maximum damage and injury. Examples of
this would be the Bali bombings in 2002[55] and the Boston Marathon bombing in
2013[56, 57]. The combination of explosives and other weapons has also become a
method of attack, with the explosives often used to create a diversion, or panic.
Two examples of this would be the terrorist attack in Mumbai in 2008[58] and the
actions of Anders Behring Brevik in Norway in 2011, where a bomb detonated by
government buildings in Oslo was used as a distraction to occupy police and
security services while the perpetrator went on to carry out a shooting spree on the

island of Utgya[54, 59, 60].

Public transport has become an increasing target for terrorist attacks[61]. Two of
the most high profile attacks in the past decade were in Madrid in 2004[62] and
London in 2005[63], both of which were also co-ordinated attacks. On 11 March
2004 four commuter trains in Madrid were attacked with ten explosive devices

which detonated within the space of three minutes killing almost 200 people[62].
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On the 7th July 2005 four explosive devices were detonated in London as people
were travelling to work, three of the suicide bombers were on tube trains and the
fourth was on a double-decker bus[63-65]. The four bombers and 52 civilians were

killed[63-65].

The expansion of air travel has also resulted in aircraft being targeted[3]. While the
first attack on a commercial aircraft using explosives actually dates back to 1949, as
the number of passengers and the size of aircraft have increased so have the
attacks against them with over 58 attacks on aircraft using explosives between 1970
and 2000[3]. As commercial aircraft have developed they have become targets
carrying a higher number of passengers and therefore a higher number of
casualties. For example, the attack on Pan Am Flight 103 involved a Boeing 747
aircraft which had 259 people on board, all of whom were killed, along with 11
people from the town of Lockerbie where the plane fell[3]. The size of IED used in
this attack was relatively small[66] and demonstrates why aircraft make attractive
targets to terrorists since a large number of people can be targeted with a relatively
small explosive[3]. In the past 20 years there has been in increase on the number of
attempted suicide attacks on commercial aircraft; in 2001 Richard Reid attempted
to blow himself up on board American Airlines Flight 63 with an IED hidden in his
shoe[21]. In 2006 a plan to use liquid explosives in a coordinated attack of
transatlantic flights was stopped by security services[22] and in 2009 Umar Farouk
Abdulmutallab attempted to blow himself up on Delta Flight 253 with a device

concealed inside his underwear[22].

The materials used have also evolved[22], this can be observed by comparing the
attacks on aircraft mentioned above. The explosive used in the attack on Pan Am
Flight 103 was Semtex H[21], a commercially available explosive. However, in all of
the attempted suicide attacks, all or at least part of the improvised explosive
material was ‘homemade’ with TATP featuring in the initiation systems of both Reid
and Abdulmutallab[21]. This shift towards HMEs is in part due to a tightening of

controls on the purchase of commercial explosives, and increased security for
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military explosives making such materials harder to acquire without detection[22].
Indeed an attack carried out with military or commercial explosives would suggest
an act of state-sponsored terrorism[49] such as the attack on Pan Am Flight 103 for
which responsibility has been taken by the Libyan government[67]. Another part of
the shift towards HMEs is to evade detection, for example using an explosive
material that contains no heavy metals to avoid x-ray, or metal detection[3]
(although of course this can also require the construction of an IED without any
metallic components to be truly effective). The use of non-nitrated explosives such
as the peroxide based materials can evade detection when using older detection
systems aimed at identifying the nitrogen groups present in many military and

commercial explosives[22].

As security services take steps to counter the threats from IEDs, terrorists continue
to innovate and develop new ways to evade detection[22]. Therefore there is a
continuing need for security services to combat the threat of terrorist attacks using

explosives.
1.2 Analysis of explosive materials

While there is a threat from explosives attacks there is a need for the security
services and forensic science community to combat this threat[3, 19, 68]. The
nature of this threat is varied and constantly evolving, meaning that new ways to
prevent these attacks must continually be developed. It must also be acknowledged
that due to the varied nature of the threat, a single approach is unlikely to be the

best solution[3, 68, 69].

The defence against terrorist attacks can be divided into two areas; explosives
detection and post blast investigation[25, 46, 69], with intelligence gathering
playing a role in both areas[2, 20, 22]. These areas require different approaches,
however there may be some techniques which are applicable to all aspects[68] and
therefore wider knowledge of the different areas will benefit the development of a

specific aspect.
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With the emergences of HMEs a common part of forensic investigation of explosive
crimes is linking explosive materials to their precursors[70]. Therefore the
development of techniques that can assist in linking precursor materials to the
explosive used in an improvised device, such as the one developed in this research
project, is an area of significant development[70-73]. The ability to link an explosive
material to its precursors is of substantial importance as it could help to identify the
manufacturer of an HME and other parties involved in the supply of materials for its
manufacture. Work currently being undertaken in Sweden, as part of the EMPHASIS
project, is an example of how information on explosive precursors and waste
products created during the formation of explosive materials can be utilised to
identify potential bomb factories and thereby locate explosive materials. The
detection system under development uses spectroscopy sensors in the sewer
system to detect precursor materials, working on the theory that without proper
waste disposal facilities, such materials would end up in the sewer system having

been poured down sinks and toilets[74-76].

This linking technology can be applied to several forensic areas outwith the field of
explosives detection and characterisation, such as drugs, document analysis and
ignitable liquids[77-81] as well as other forms of illicit manufacture[82, 83]. An
example of this use is demonstrated in research carried out at the University of
Strathclyde that demonstrates that it is possible to determine the synthetic route
used to produce methylamphetamine through the identification of route specific
markers. Furthermore this research suggested that different starting products, in
this case different cold medications, could also be identified from the final
product[77-79]. Since HMEs are often produced in a similar way to illicit drugs such
as methylamphetamine, it is likely that similar markers could be identified for

explosive materials.

A common technique for this type of linking analysis is isotope ratio mass
spectrometry (IRMS)[70, 79]. however FTIR and other spectroscopic techniques

could prove to be a faster and cheaper alternative to elemental analysis.
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1.2.1 Intelligence gathering

Intelligence gathering plays a role in both the detection of explosives and post blast
investigation. Where possible intelligence gathering aims to prevent attacks from
occurring by apprehending those planning an attack before they can carry it out[84-
87]. However, where this hasn't been possible intelligence can be gathered from
the forensic information collected at the scene of an explosion and at possible illicit
explosives manufacturing sites in order to help bring the culprits to justice[20, 69,

88].

Intelligence gathering is primarily carried out by the police and security services[20,
87]. However, forensic scientists may be called upon to increase the scope of the
intelligence gathered[20, 88]. For example, using forensic science to identify
explosive materials in waste water in order potentially to indicate the location of an
illicit bomb factory[25]. The analysis of precursor materials could also be utilised to
aid the detection of bomb making factories. Intelligence gathering has prevented
several major plots, for example in the UK the plot to use liquid explosives in a co-

ordinated attack on commercial aircraft in 2006[22].
1.2.2 Post blast investigation

In a situation where an explosive device has fully or partially detonated, forensic
scientists and the security services will investigate to determine the cause of the
explosion and attempt to identify the person or persons responsible. In the United
Kingdom the Forensic Explosives Laboratory (FEL), part of the Defence Science and
Technology Laboratories (Dstl), undertakes much of the investigation of incidents
involving explosives[89]. Work by FEL and other research laboratories around the
world has led to the capability to detect even minute amounts of explosive which,

after a successful detonation, may be all that remains[17].

Post blast investigation can also involve the investigation of secondary crime scenes
such as a clandestine explosive laboratory[20, 22]. This can be very important if the

primary scene has yielded little or no information about the type of explosive used,
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as a clandestine laboratory is likely to contain precursor materials that can be used
to determine the explosive material and there may also be unexploded material
that had not been included in the IED[20, 88]. Even in a situation where the
explosive material, or other components of the IED, have been identified at the
primary scene, investigation of a clandestine laboratory can help to identify those

responsible by linking the laboratory to the IED[20].
1.3 Explosives detection

Forensic science has a significant role to play in the area of detection of explosives
and explosive devices. The detection of explosive devices is critical in the prevention
of terrorist attacks, and therefore it is unsurprising that this is an area of substantial
research[3, 68, 90-92]. Due to the wide ranging nature of the threat, the detection
methods are also wide ranging[17, 68]. A method that might be suitable for
scanning plane cargo is unlikely to be suitable without modification for use on the
battlefield. Therefore the detection method should be tailored to the specific

situation in which it is going to be utilised.

While security concerns are the primary reason for developing detection techniques
and systems, there are several other circumstances where explosives detection is
required. Environmental monitoring needs the capacity to detect trace amounts of
explosives which may be causing contamination of water supplies[25, 27]. It is also
necessary to monitor the environment within explosives manufacturing plants to
ensure that workers are not exposed to dangerous levels of potentially dangerous
chemicals[25, 27]. Similarly biomedical tests are required particular for those
working in munitions factories, to monitor levels of explosives within the body as
many explosive can have toxic effects[25, 27]. Also, analysis of explosives in industry
is necessary; with the need to monitor the manufacturing process to ensure
product quality through the capability to detect variation in the explosives[25, 27,
45]. Similarly, there is a need to be able to detect the degeneration of explosives in
storage as changes in composition can have serious safety and performance

implications[46].
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The detection of illicit explosives is beset by several problems. The variety of
possible explosive compounds that can be used, in particular HMEs, provide a
constantly evolving collection of explosive mixtures. There is also significant variety
amongst potential targets which means that a single detection technique is unlikely
to be suitable for all situations. A further hindrance to explosives detection is the
efforts of the bomb makers to overcome the detection methods. A prime example
of this is the development of metal-free improvised explosive devices to evade

detection with metal detectors[53, 93].

A successful detection system should have several key features. It needs to be
sensitive and specific, but not to a level that means that it has a high false alarm
rate[68]. The analysis needs to be rapid and be able to handle a high
throughput[93]. The detection method shouldn’t disturb the explosive material,
otherwise there is a risk of initiating the explosive device through the use of the
detection technique[68]. In a civilian setting, a detection system should be relatively
noticeable, as in this manner it can act as a deterrent as well as detecting possible
threats. In a military setting the focus is more upon portability and robustness in a

harsh environment[68].

The wide variety of potential HMEs and HME precursors present a significant
challenge for detection, not only through sheer weight of numbers but also because
many of them do not contain the ‘characteristic groups’ exploited by many existing
detection techniques[35]. For example many military grade explosives such as TNT
contain nitro groups and these are a common detection target, however TATP does
not contain nitrogen and therefore could not be detected using equipment aimed at
that target[35, 68]. Therefore there is a need for innovative development of
detection systems for materials such as hydrogen peroxide. Techniques such as
electrochemical and chemiluminenscent detection can be applied to the detection

of hydrogen peroxide[91, 94, 95].
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Detection can be divided into three main areas; bulk, trace and stand-off. Each
detection area is approached in a different way, although there are some aspects

that can be applied to all three.
1.3.1 Bulk detection of explosives

Bulk detection of explosives is concerned with the detection of large amounts of
explosive material[3], where bulk explosives can be defined as explosives and their
components that are visible with the naked eye or using a low powered microscope
(up to x20) [20]. Bulk detection will normally look for a specific feature associated
with explosive compounds[68], for example to detect many commercial explosives
such as TNT a system could aim to detect nitrogen groups. This allows a single
detection system to be capable of detecting any explosive material containing a
nitrogen group. However, this also means that bulk explosive detection can be
prone to false alarms as these features are also present in various non-explosive

compounds.
1.3.2 Trace detection of explosives

Trace detection is concerned with the detection of much smaller amounts of
explosive material[3]. Trace explosives can be defined as explosives and their
components that are not visible without the use of a high powered microscope
(above x20)[20]. Trace detection will normally look for a specific chemical (often
through comparison with a library)[68]. This can still produce false positives, but
also can result in false negatives if the specific chemical has been masked[68] and
therefore doesn't match with the library. The use of library comparison can also

slow down the analysis which is not ideal for high throughput use[96-98].
1.3.3 Stand-off detection of explosives

Stand-off detection can be aimed at bulk or trace explosives, however the key
feature of a stand-off detection system is that no contact is made with the explosive
material[68]. Therefore there is a reduced risk of accidental initiation of the

explosive device, and if an accidental initiation did occur the operator of the
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detection system is a safe distance away from the device[99]. However, because no
physical contact is made with the suspected explosive device this does pose
problems as to how to carry out the analysis[68]. The majority of stand-off
techniques are spectroscopy based as it is possible to direct a beam (of something
such as infrared light) across a large distance to the suspect material, however there
are still problems in how to return the beam to the detection device which has
limited this technology[100]. Despite the potential problems the ability to analyse a
suspected device at a distance is sufficiently significant that there is considerable
research on this topic[90, 99, 101-108]. It has also been suggested that stand-off
detection (providing suitable detectors were available) would be the most effective
way to combat pedestrian suicide bombers, however, research by Kaplan and Kress
[85] suggests that in fact improving intelligence gathering to identify potential

suicide bombers would be more effective.

1.3.4 Current detection systems

As already discussed there are multiple different approaches to the detection of
explosives and IEDs. Therefore there are several different ways that the various
different detection techniques can be separated[91, 92]. One method is to use
three categories; imaging techniques, vapour detection systems and particle

detection systems.
1.3.4.1 Imaging techniques

Imaging techniques can be described as any techniques which produce a visual
image of whatever is being scanned. These form the basis of the majority of older

detection systems[3, 92].

X-ray equipment is commonplace at airports and left luggage storage areas[3]. X-ray
scanning was first introduced into airport security systems to prevent hijackings,
therefore focusing on hand, or carry-on, luggage and the detection of weapons[3].

However, more recently X-ray detection has also been routinely used for the
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detection of explosive devices, in particular in hold, or checked, baggage[3]. Initially
this proved to be less successful, with a prominent example being the bombing of
Pan Am Flight 103 where the luggage had undergone X-ray scanning but the
explosive device had not been detected[3]. This according to Connelly et al.[3] was
due to two factors. Firstly the X-ray attenuation of explosive materials can be
similar to that of other items found in luggage[3] and secondly checked baggage is
larger and more densely packed than the luggage that the system had been
previously applied to[3]. Therefore the existing basic X-ray system was not suitable
for detecting explosive devices in checked baggage[3]. This was combated by the
development of dual energy systems. This involves scanning an object at two
different X-ray energy levels and observing the ratio between the two of them. This
allows the discrimination of objects that were previously undistinguishable with
basic X-rays[3]. Further improvements have been made by introducing computed
tomography (CT) to X-ray systems. This involves the collection of X-ray transmission
data from several angles around the object within a particular plane, which can
then be used to produce a ‘slice plane’ image allowing a increased amount of detail
to be seen([3]. There has also been progress in the development of automated
systems for X-ray scanning, with the majority of hold luggage scanning being

automated, although a degree of human interaction is still required[3].

Another technique used for examining luggage is neutron analysis, which works
through the detection of gamma rays produced when certain elements present
within explosive compounds are exposed to neutrons[27]. Due to the nature of the
radiation involved in both these techniques they are only used on luggage rather
than individuals, which means that on their own they cannot cover all the possible

risks as the explosive device may be attached to the bomber.

Several variations of an imaging detection system that is capable of scanning
members of the public have been developed and have begun to appear in airports
and other national entry points. This is the full body scanner which uses

electromagnetic radiation, millimetre wave, or x-ray backscattering[109] effectively

27



to ‘see’ through a person’s clothing to determine if they are concealing anything. In
the UK these systems began to be used from 2010, firstly at Manchester and
Heathrow airports, and gradually being deployed across the other UK airports as
part of an ongoing process[109-111]. However, there has been a significant amount
of negative public feeling towards this process as most of the systems produce an
image of the individual in which they are effectively naked. There were concerns
about the control of these images and which individuals are allowed to view
them[112], as well as unnecessary concerns over the safety of the electromagnetic
radiation used[109-112]. Concerns were also raised about racial profiling and the
methods used to determine who would need to be subject to scanning as currently
not all passengers pass through these scanners[113-115]. While not technically an
imaging technique as no image is produced, metal detector arches are also used as
a method of scanning individuals, however with the development of metal-free
explosive devices[21, 22] this is no longer the best method for identifying a

potential bomb carrier.
1.3.4.2 Particulate detection

lon mobility spectrometry (IMS) is a prominent technique used in the detection of
explosive materials[91, 116]. IMS is capable of sampling both vapours and
particulate samples, which has led to two avenues of detection; bench-top systems
which test particulates taken by swabbing a surface, and personnel portals which
sample vapours from an individual. It has also been possible to produce rugged,
portable systems[116], which makes the technology suitable for use in theatre. IMS
exploits the differences in drift time of different ions within a drift gas. This allows
the separation of ions based upon mass, with heavier ions moving more slowly than
lighter ones[117]. Most airports now have a bench-top system in place where swabs
can be taken of items such as laptops, shoes and wheelchairs. The swab is then
inserted into the machine where any particulates are desorbed and then analysed.
The instruments have a rapid analysis time and are reasonable sensitive. However,
the individuals who operate the instruments may receive only limited training and

as such the performance of the system can be reduced, for example it is not
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uncommon to observe the same swab being used for several different objects. With
the personnel portals an individual stands in a relatively enclosed space to force any
explosive vapour into the spectrometer. Once the vapour is within the instrument

the analysis occurs in the same manner as with the bench-top instrument.

Thus far the majority of IMS systems have been designed to detect legally
manufactured explosives, and therefore have focussed upon the detection of
nitrogen containing groups, thus meaning alterations are necessary for the
detection of HMEs. These improvements to increase the range of compounds

detected by the equipment have, as yet, not been completely successful[91].
1.3.4.3 Vapour detection

The ‘gold standard’ of explosives detection is often considered to be the sniffer
dog[118-120]. Canine detection is widely used, not just in the field of explosives
detection but also in drug searches, fire scene investigation, and specialised cadaver
dogs may be used in the search for human remains. However, despite their
successes, it is an expensive process to train and care for these dogs; the dogs can
only work for a certain length of time, and environmental conditions such as heat
can affect performance[118] . A great deal of time must also be invested in training
the dog handlers, with one of the early research reports on the training of dogs for
explosives detection stating that “hander selection is a critical factor in the ultimate
success or failure of the explosives detector dog concept”’[121]. Despite using
sniffer dogs for many years, the understanding of how the dogs work is still not
complete. Therefore, research into instrumental methods that could provide an
effective alternative to sniffer dogs is viewed as a priority. Table 1.3 shows a
comparison of canine detection and existing instrumental methods as compiled by

Connelly et al.[3].

As Table 1.3 shows both canine and instrumental systems have advantages and
disadvantages. However, there is scope to improve instrumental techniques, but
the development of vapour detection techniques has been relatively slow[91, 122-

124]. This is in part due to the varying vapour pressures of explosive compounds
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meaning that not all materials would be suitable for vapour detection. In particular,
plastic explosives have relatively low vapour pressures due to the binding effect of
the plasticisers[6, 124]. Wrapping of the explosive materials can also reduce the
vapour released into the atmosphere[25]. However, the increased use of HMEs
instead of commercial grade explosives means that the significant explosive threat
is posed by compounds with a higher vapour pressure, making vapour pressure
detection more likely and making the continued development of vapour detection

techniques a priority.

Table 1.3 A comparison of canine and instrumental vapour detection methods[3]

Factor Canines Instruments
Sensitivity Unknown Characterised
Training Specialized Basic

Transportable

Self portable

Some portable, some not

Selectivity

Classes of compounds

Chemical selected for analysis

Processing time

Instantaneous (ms)

1s to 2 min: typical 10s

Sampling Particle or vapour Usually one or the other
Extremely efficient Inefficient
Calibration No field methods Well established kits
Duty cycle Short: one or two hour shifts 24h shift
Search Dogs can go to source Most acquire remote sample

Maintainability

High maintenance

Low maintenance
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In addition to the varying vapour pressures of different explosive materials, another
area that has posed problems with many vapour detection systems is the collection
of the vapour in order to introduce it into the instrument[93]. A vapour detection
system must also be capable of identifying threat materials amongst the many
contaminants also present in the atmosphere such as cigarette smoke and
perfumes[99, 124, 125]. Despite these problems there are some vapour based
techniques in use and further systems are being developed[99, 124]. Current
techniques include gas chromatography with a selection of detectors including;
thermal energy analysers, ion mobility spectrometers and mass spectrometers[27].
These are used both in theatre and also for scanning luggage. However, these
chromatographic methods are restricted by their reliance upon a high vapour
pressure of the explosive material and the need to be in close proximity to the

material.
1.3.4.2.1 Personnel portals

Personnel portals are an area of significant development. While there are already
some systems in use, these can cause delays in the flow of people through a
security point as for most portals an individual is required to stand for a period of
time within the portal[93]. The number of explosive compounds that the current

portals are able to detect is also limited.

A newly developed personnel portal system designed by Cascade Technologies and
Morpho uses Quantum cascade lasers (QCLs) for detection rather than the IMS
systems used by the majority of existing personnel portals. By using a mirrored
multipass cell, a long path length is produced to allow for maximum interaction
between any potential explosive vapours and the laser beam. Figure 1.3 shows an
image of the portal on trial at Glasgow airport, while figure 1.4 provides a basic
diagram of the internal structure of the portal. It is an archway design, with fans
built into one side of the arch to direct the airflow across to the absorption cells;
label A shows the three multipass cells where any vapour can interact with the

three laser beams, label B shows three QCLs and detectors aligned with the three
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multipass cells (there is space for one additional QCL and multipass cell within the
housing). Also contained within the area of A and B is the computing and processing
equipment to analyse and notify any detection that occurs. Label C shows where an
individual passes through the arch and label D identifies the bank of fans which
blow air across the individual as they pass through, directing any vapour to the
multipass cells (A) The system allows for real-time monitoring of any absorption
that occurs. Currently the lasers used are capable of detecting hydrogen peroxide
and ammonia, both of which are seen as potential explosive precursors[91], and
also as degradation products of explosive compounds. Hydrogen peroxide in high

enough concentrations is also explosive in its own right.

Figure 1.3 The Portal detection system on trial at Glasgow Airport[9]
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Figure 1.4 A basic diagram of the Portal system.

Further work is needed to refine the algorithms used to determine whether a
compound has been detected and to develop the necessary systems for dealing
with a flow of people through the detector. There is also a need to expand the
number of compounds that the portal can detect, with the ultimate aim to produce
a system that can easily be adapted to any new explosive threats that emerge. This
research project aimed to assist the development of this system through the
characterisation of materials to discover identifying spectral features that could be

targeted by a QCL for detection.
1.3.5 Future detection systems

The ongoing threat of terrorist attacks and the evolution of the IEDs used means

that new, or adapted, detection systems need to be developed[17, 21, 22, 68, 120].

There are several potential detection systems under development. The majority of
these are spectroscopic techniques[100, 126, 127] and many are aimed at
producing a detector which would allow liquids to be taken through airport security

and so remove current restrictions.

33



While colorimetric tests have generally been replaced by instrumental
techniques[46], a hydrogen peroxide vapour indicator has been developed which
uses the bleaching effect of hydrogen peroxide to cause a visible colour
change[128]. However, while this could prove useful as a monitor, it would only
indicate the presence of hydrogen peroxide based explosives and therefore could

not be used as the sole detection system.

There are some techniques used for environmental explosives detection, such as
immunosensors[25, 27], which could be adapted for use in a security setting. Their
use in an environmental setting has demonstrated that these techniques are
suitably sensitive for detecting trace amounts of explosive compounds, and the use
of antibodies make the technique very specific. However, as yet, the potential for
the use of immunochemical detection devices in a security capacity has not been

explored.

In addition to adapting techniques from an environmental setting, or other
analytical areas, there is also significant scope to improve existing detection
systems, and those currently still in the developmental and trial stages. One
example would be the adaptation of the existing Portal system to detect multiple

compounds.

Work is also required to improve the way a positive result is dealt with in, for
example, airport security areas to offset the build-up of queues. Research has
shown that Raman spectroscopy has a lot of potential for use as a detection
system[91, 101, 102, 104, 129, 130]. However, there is still a need to overcome the
problems of fluorescence and low signals in order for it to be truly effective. Any
spectroscopic stand-off techniques need to develop a reliable way of reflecting the
signal back to the detector. This is a particular issue in theatre where there may not

be many naturally occurring reflective surfaces[124, 125].

To conclude, there is still much work to be done to develop effective detection
systems for the prevention of explosive-based terrorist attacks. There are many

considerations that must be taken into account when developing a detection
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system, and due to the wide ranging nature of the threat it is unlikely that a single

detection system will be appropriate for all situations.
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Chapter 2. Techniques and
Instrumentation

2.1 Spectroscopy

Spectroscopy involves the study of the interaction of electromagnetic radiation with
matter using an instrument known as a spectrometer[1]. This interaction falls
broadly into three categories; absorption, emission and scattering. Emission
spectroscopy detects the release of excess energy as a molecule moves from a
higher to a lower energy state, while absorption spectroscopy detects the net
absorption of energy by a molecule[2]. Scattering occurs when energy passes
through a molecule causing the photons to be dispersed as they leave the

molecule[3] .

Different spectroscopic techniques are used to characterise compounds as a result
of the exposure to energy from across the electromagnetic spectrum (figure 2.1).
Infrared spectroscopy is a significant area of research as it can provide a large
amount of information about the structure of a molecule through monitoring the
characteristic vibrations which the bonds within the molecule experience. Raman

spectroscopy is often considered to be a complementary technique to infrared

spectroscopy[4].
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Figure 2.1 The Electromagnetic spectrum[5]
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Spectroscopy has an important role to play in forensic science, and spectroscopic
techniques are frequently used in forensic laboratories for both quantitative and

qualitative analysis[6].

2.1.1 Infrared spectroscopy

Infrared (IR) spectroscopy is an important analytical technique, it is regularly used
by organic chemists to determine the structure of molecules[7] and IR spectroscopy
is a universal technique used to identify the class of compounds present within a
molecule[6]. If spectroscopy involves the interaction of light with matter, infrared
spectroscopy involves the interaction of infrared light with matter[8]. Infrared
spectroscopy can be divided into three areas depending on the wavenumbers
involved. Wavenumbers below 650 cm™ are classed as the far infrared region,
wavenumbers between 650 and 4000 cm™ are classed as the mid-infrared region
and wavenumbers above 4000 cm™ the near infrared[9]. The majority of infrared
spectroscopy work is focused on the mid-infrared[9]. Both wavenumber units (cm™)
and wavelength units (um)are used, with the choice of unit used often down to the

user[9, 10].

Infrared spectroscopy involves the interaction of infrared energy with molecular
bonds, where two chemically bonded atoms vibrating is analogous to two balls
bound by a spring vibrating[9]. There are six main modes of vibration, which are
shown in Table 2.1, in addition to this, the analysis of vapour samples can vyield
rotational vibrations which produces characteristic line-like peaks on the spectrum,

the example of carbon dioxide peaks is given in Figure 2.2.
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Table 2.1. The six different vibrational modes shown in diagram form
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Figure 2.2 The characteristic spectral bands of carbon dioxide, demonstrating the line-like peaks seen
with rotational vibrations of vapour samples
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The type of vibration occurring when the molecule is exposed to infrared light, and
its detection using infrared spectroscopy, depends upon the chemical bonds within
that molecule. Single atoms do not contain any molecular bonds and therefore have
no vibrations and will not be detected using infrared spectroscopy, and for the
same reason neither will monatomic ions[8]. Homonuclear diatomic molecules such
as N, and O, vibrate when exposed to infrared radiation, but only in the form of a
symmetrical stretch[8] which has zero peak intensity, because in order for an IR
active vibration to occur there needs to be a change in dipole moment[11]. A dipole
moment occurs in covalent bonds where the electrons are not shared equally,
resulting in a difference in charge for each molecule. Such a bond is termed polar,
and a change in the dipole within this molecule refers to a movement of the
electrons within this bond[2]. The need for a dipole moment is what is termed a
gross selection rule, this is the overarching rule that must be obeyed when
determining whether a vibration will be infrared active[11]. However, the specific
vibrational and rotational transitions that occur within a molecule are determined
by selection rules relating to quantum numbers[12]. Quantum numbers relate to
the orbitals in an atom and the movement of electrons between different orbitals.
For vibrational spectroscopy the specific selection rule for a diatomic molecule is Av
= t1, where v is a vibrational energy level[2]. The selection rules are different for
different types of spectroscopy, as such a vibration that is not infrared active may
be Raman active[11]. This can be seen with homonuclear diatomic molecules which
do not produce and infrared spectrum but will be visible with Raman, while water is

not visible with Raman but can be observed using infrared spectroscopy[11].

For a diatomic molecule when a vibrational transition occurs the rotational
guantum number will change by plus or minus 1, giving a simultaneous vibrational
and rotational change[2]. The type of vibration of a bond will have an effect upon
the rotational transitions possible. There are several types of rotation that can
occur; spherical, symmetric top, asymmetric top and linear[2]. The selection rules
for a change in rotational energy are dependent upon the associated vibration. An

example of this is seen with the CO, spectrum shown in figure 2.2. This
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demonstrates the spectrum produced with linear rotation and a parallel vibration.
The presence of parallel vibration results in a selection rule of AJ = +1 (where J is a
rotational energy level) for a transition between the lowest and first vibrational
energy levels (v=0 and v=1). This creates the two sets of line like peaks observed in
figure 2.2. These are known as P and R branches[2] where P is a result of transitions
where AJ = -1 and R where AJ = +1. If there was an angular momentum about the
axis of the molecule being analysed AJ = 0 becomes an allowed transition. This
would result in a peak as the result of the vibrational transition between v=0and v
= 1 with zero change in the rotational energy level, this is known as the Q branch,

and would be located between the P and R branches[2].

The vibrations that occur when the molecules are exposed to infrared radiation are
a result of a change in the energy level of the molecule. The transitions that are
observed in the infrared are rotational and vibrational[12]. Figure 2.3 shows a
diagram of the vibrational and rotational levels within a single electronic state. It
can be seen from this diagram that a large number of rotational transitions can

occur within a single vibrational transition.

Energy level

Bond length

Figure 2.3 Energy level diagram for a single electronic state showing the vibrational energy levels
(purple; v=0 to v=3) and the rotational energy levels (red lines) (adapted from[12])
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A diatomic molecule will have two electronic states (this is shown in figure 2.4
which also shows some of the different possible transitions). A larger molecule with
more bonds will have more vibrational and rotational energy levels (as each bond
will have its own)[12]. This means that the complexity of an infrared spectrum is
increased, and the combination of features on the spectrum become individual to a
specific molecule[12]. The different functional groups within a molecule will absorb
energy with the vibrations within specific regions of the spectrum, allowing them to
be identified[13]. The structure of the rest of the molecule should not have a
significant effect on the position of the absorption within the spectrum for each
functional group[13], however there can be a degree of shift seen, as well as the
effects of the state of the molecule[11]. Therefore spectra produced for solids,
liquids and gases will all be different even for the same molecule being analysed[11]
and as such it is important when interpreting a spectrum to know the state of the

compound being analysed.

First excited electronic
level

Ground state

Energy level

Bond length

Figure 2.4 Diagram of the potential wells for two electronic states showing the electronic, vibrational
and rotational energy levels with green arrows showing some of the possible transitions (dependent
upon quantum numbers) between rotational and vibrational energy levels, and the blue arrow
showing an electronic transition (which is not detectable by IR spectroscopy, but could be detectable
with UV/vis spectroscopy) (adapted from [12])
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Infrared spectroscopy has several advantages. Firstly it can detect a wide range of
molecules, particularly when looking at the mid-infrared region[8]. Secondly, the
spectra produced contain a lot of information, with the positions of peaks providing
insight into the molecular structures within a sample, while peak intensities are
indicative of the concentration of molecules present within a sample. Further
insight can be gained through examination of peak widths, which will alter as a
result of the chemical matrix of a sample[8]. Depending upon the instrumentation
and information required from the analysis it is quick and simple to obtain results,

and basic infrared spectroscopy equipment is relatively cheap[8].

However, despite these advantages, there are some disadvantages to the use of
infrared spectroscopy. Firstly, although the technique can detect a large proportion
of molecules there are some, such as the noble gases, which are not able to be
detected[8]. Secondly, infrared spectroscopy can be more challenging to interpret
when analysing mixtures, this is because it can be difficult to separate which
spectral features belong to the different molecules in a mixture[8]. The interference
of water is also a problem, with absorption in several areas of the spectrumi8].
While water present in the atmosphere should be removed through subtraction of a
background spectrum, when the sample is contained within an unsealed chamber
there can be changes in the water concentration between the background and
sample analyses that will then appear on the spectrum. A sample that contains
water, i.e. a sample in an aqueous solution, will also have water absorption in the
spectrum, generating peaks which can have high intensities and be very broad[8]
and this can potentially mask the peaks of interest from the compound in the
solution. With an unsealed sample chamber both carbon dioxide and water vapour
can produce inverse peaks, which occur when there is a reduction in the
concentration of these molecules between taking the background spectrum and the

analysis of the sample[8].
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2.1.1.1 Spectral interpretation

In order to interpret an IR spectrum, correlation charts are used[13]. These provide
information on the most commonly occurring vibrations for functional groups and
where they are likely to occur on the spectrum. Figure 2.5 shows an example of a
correlation chart, and this highlights one of the difficulties associated with IR
spectral interpretation, that there is overlap between different groups across the
spectrum. This is not a significant issue when identifying spectral features for a
known material, but makes the identification of an unknown material more
challenging if a database of known spectra is not also available for comparison.
Figure 2.6 shows an infrared spectrum of toluene with the spectral features
identified, however it must be remembered that different instruments may produce
slightly different spectra, especially if there are differences in resolution, and it is
important to note the physical state of the material being analysed as this can also

affect the spectrum.
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Figure 2.5 An example of a correlation chart used to identify spectral features seen in an IR
spectrum[14]
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Figure 2.6 An interpreted infrared spectrum for toluene[15]

2.1.2 Fourier transform infrared spectroscopy (FTIR)

FTIR is a form of absorption spectroscopy where samples are exposed to radiation
in the infrared region of the electromagnetic spectrum [1]. A molecule will absorb
different amounts of this radiation depending upon its structure, as it is the
chemical bonds within the molecule which absorb the infrared radiation[13].
Different functional groups will absorb radiation within different wavenumber
ranges making it possible to deduce from the spectrum the presence or absence of
specific functional groups (figures 2.5 and 2.6 demonstrate this). FTIR, while being a
form of IR spectroscopy, has several advantages over conventional IR
spectroscopy[7]. In an FTIR instrument the whole spectral bandwidth is used
simultaneously, this has a significant time saving effect, and as a knock-on effect of
this multiple scans can easily be taken producing an overall spectrum with an
improved signal-to-noise ratio. FTIR is also more sensitive than older IR
techniques[7]. FTIR instruments are able to utilise the whole spectrum as a result of
the use of a Michelson interferometer and the Fourier transform equation. The

Michelson interferometer creates an interference pattern called an interferogram,

51



which can be converted into a spectrum through the use of the Fourier transform.
Equation 2.1 shows an infinite-range Fourier transform of a spectrum of a sample,
where I(x) is an interferogram and x and v are continuous variables. Equation 2.2
shows a discrete Fourier transform as rather than an infinite amount of data there
are instead a fixed number of datapoints, where x and v become nAx and kAv

respectively[16].

S(v) = f I (x) e~ 2m™Xdx

Equation 2.1 Infinite-range Fourier transform[16]
—_ \V'N-1 -i(2rt/N)kn
SkAv - ZTL=O InAxe

Equation 2.2 Discrete Fourier transform[16]

Two types of spectra can be produced, transmittance and absorbance. A
transmittance spectrum has peaks pointing downwards with the scale in terms of
percentage transmittance. The large peaks indicate wavenumbers where the
sample transmitted only a small percentage of the radiation, with the rest being
absorbed by the sample. Where the line is close to 100% the sample was
transmitting the majority of the radiation. An absorbance spectrum will have peaks
pointing upwards and will be almost a mirror image of a transmittance spectrum for
the same sample. A high peak indicates that, at that wavenumber, the sample was
absorbing the majority of the radiation (with only a small amount being
transmitted), while where the line of the spectrum is close to zero the sample was

absorbing very little of the radiation with the majority being transmitted.

The main weakness of FTIR as an analytical technique, as with other IR technologies,
is that spectral interpretation becomes more challenging when analysing mixtures;
the more complex the mixture, the more complex the resulting spectrum[17]. While
different functional groups will absorb at different wavenumber regions there is a
degree of overlap between some of these regions and this can make it extremely

difficult to determine the functional groups present in a sample. However, this is

52



less of a problem when the technique is used to identify an unknown mixture using
a library of spectra as, rather than trying to identify the specific spectral features
within the spectrum, the spectrum is compared to a library of known mixtures and
compounds. The similarity between spectra is described by the Hit Quality Index
(HQI)[17] and the top matches will be shown to the analyst. However, care must be
taken when using a library comparison as the algorithms used can sometimes
generate false matches. A degree of human interaction is required to ensure that
the correct match is made. The complexity of the spectra of mixtures can be
exploited to demonstrate individualisation, this would be of particular interest in a
forensic examination when trying to identify whether materials come from a

common source.

FTIR also suffers from interference from water, with —OH bonds giving multiple
peaks across the spectrum. This is a particular issue when trying to analyse an
aqueous sample, as in some situations the peaks due to water can obscure peaks
caused by the sample. Atmospheric water interference can be reduced to a degree
through subtracting a background spectrum from the sample spectrum, however
there can still be interference if there are any atmospheric changes between the
background and sample analyses. FTIR is also not suitable for analysing
homonuclear molecules as they lack a dipole. Raman spectroscopy does not suffer
from water interference and can analyse homonuclear molecules, however it
suffers from weak signal strength and interference from Rayleigh scattering and
fluorescence[6, 11, 12]. Therefore the two techniques can be considered

complementary[4].

High resolution Fourier transform spectroscopy has the advantage, over general
FTIR, of increased resolution. Resolution in this context is the ability to distinguish
between two features on a spectrum. The closer together two features may be
while still being distinguishable dictates the resolution [1, 7]. Therefore a high
resolution FTIR instrument can distinguish between features much closer together

than a general FTIR instrument. This allows for the identification of smaller potential
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identifying features that would otherwise be missed. However, increased resolution
can also increase the amount of time it takes for analysis, and a balance has to be

struck between the duration of analysis and resolution.

2.1.2.1 FTIR in explosives detection and analysis

FTIR and the wider field of IR spectroscopy have an important role to play in the
field of explosives detection and analysis, with substantial pre-existing and on-going
research in this area[18-23]. IR spectroscopy is advantageous in a detection setting
as it is has the potential to be used for stand-off detection[20, 24, 25]. However, IR
spectroscopy can also be applied to post blast analysis[19, 26] and the identification

of unknown samples[18, 19, 27-29].

While research is ongoing into the use of spectroscopic techniques for stand-off
detection, instrumentation is not yet commercially available to detect explosives
from stand-off distances[30]. This is because the stand-off detection of explosives
presents a complex problem[31]. Due to the varying vapour pressures of different
explosive materials a stand-off system needs to be extremely sensitive as there may
be only trace amounts of vapour to be detected, similarly if the explosive material
has been well packaged there is likely to be limited vapour present in the
environment for detection[31, 32]. While some research has been carried out into
the stand-off analysis of packaged materials instead of vapour[22, 33, 34] this has
predominantly been carried out on opaque packaging such as bottles[22, 34] and
other plastics[33] and therefore wouldn’t be suitable for all situations. There are
some explosive materials, such as HMX (0.38 ng/L at 25°C[35]), that have such low
vapour pressures that vapour detection is likely to be near impossible[31]. In these
cases the stand-off detection of explosive particles would be required[31]. The
molecular size of many explosive materials can also make the identification of
explosive materials more complex as the size of the molecule can affect the
definition of spectral features[31]. However, this could be overcome to a degree by
detecting a single feature that appears in multiple explosive materials rather than

attempting to identify a single specific explosive material. Stand-off detection is also
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made challenging by the nature of the environments it would be used in, with the
atmosphere presenting many interfering materials that could prevent detection of
explosives, or cause false positives[31]. The environment also presents problems in
the loss of signal to the environment, especially over long distances, significantly

reducing the signal reaching a detector[31].

While there are some examples of FTIR being used for stand-off detection[21, 25,
36], it is not that commonly used, especially when compared to Raman
spectroscopy[33]. This is in part due to the fact that there is a belief among the
scientific community that the technologies with the greatest potential for being
able to detect and identify many substances whilst also being fast and upgradeable
to detect new materials are laser-based spectroscopic methods for trace
detection[31]. FTIR uses the whole spectrum and is therefore not laser based[8].
However, as IR and Raman spectroscopy are complementary techniques[4], there
are several pieces of research looking at combining the two techniques for

detection[4, 20, 23, 33].

FTIR is more commonly used for detection in a contact situation[37] or for the
analysis of post blast traces or unknown samples[33, 38-40]. In this way the
difficulties encountered with loss of signal and interferents in the environment can
be avoided. As FTIR can analyse solid, liquid and gaseous samples[8], low vapour
pressure of some explosive materials is also no longer a problem. However, there is
still scope for further investigation and improvement of FTIR techniques for use in

the field of explosives detection and characterisation[19, 20, 23, 33].

2.2. Infrared spectrometers

A spectrometer can be divided into four main sections; the source, sample
compartment, dispersing element or Michelson interferometer, and detector. The
source provides the electromagnetic radiation, and can either span a wide range of
frequencies, or be focused on a narrow band. There are several types of source, but
probably the two most common are thermal emission sources, such as a globar, and

laser sources. Thermal emission sources use heat to excite an element causing a
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release of radiation. The element used will depend upon the frequency of the
radiation required, for example tungsten is commonly used for infrared radiation.
The sample compartment is where the sample is exposed to the radiation. Ideally
the path length should be as long as possible through the sample compartment to
allow for the maximum interaction between the sample and the radiation, but this
is not always possible due to space constraints. One way to increase the path length
without increasing the compartment size is to create a multipass sample cell. This
uses two astigmatic mirrors which effectively ‘bounce’ the radiation back and forth
within the cell several times before it exits through a hole in one of the mirrors[41]
creating a longer path length and so increasing the possible interaction between the
radiation and sample. Spectroscopy can be carried out on solid, liquid and gaseous
samples, although some techniques are more suitable for certain samples than
others, therefore the sample compartment must be able to hold a variety of sample

types.

The dispersing element varies according to the instrument, however it generally
consists of a single slit (monochromators) or diffraction grating. The purpose of the
dispersing element is to separate the wavelengths prior to detection. This results in
a portion of the radiation being discarded, particularly if a monochromator is used
where a single slit allows only a small wavelength range to reach the detector. In
Fourier transform instruments a Michelson interferometer is used instead. This
consists of three main elements; a moveable mirror, beam splitter and
compensator. The beam of radiation leaves the sample compartment (the incident
beam) and passes through the beam splitter which will divide the beam into two,
with the path difference between the two beams dependent upon the position of
the moveable mirror, which is constantly moving back and forth. This creates an
oscillating signal and it is the varying intensity of signal that is ultimately detected.
The two beams then pass through a compensator to ensure that both beams are
passed through the same thickness of material thus ensuring any effects occur to
both beams[2]. This process enables all the incident radiation to reach the detector,

thus increasing the sensitivity compared to other spectrometers.
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The detector is responsible for converting the incident beam into a voltage or
electric current which can then be processed by a computing element. A Fourier
transform instrument must apply the Fourier transformation in order to convert the
results of the differences between the two beams into an integrated signal

(equations 2.1 and 2.2).

2.2.1. High resolution FTIR spectrometers

The Bruker Fourier Transform Spectrometer (FTS) used in this study is a high
resolution FTIR instrument which is capable of resolving linewidths of less than
0.0009cm™ [42]. The instrument forms an uneven T shape, which is shown in Figure
2.7. This arrangement, and the arrangement of mirrors and flaps within the
instrument, provides an extremely flexible path length from source to detector[43].

However, the sample cell has a fixed path length.

Source
compartment

Interferometer com partment

Sample
compartment

Detector
compartment

Figure 2.7 Diagram representing the internal compartment structure of the FTS used in this work

The source compartment houses the infrared source which provides the infrared
radiation that interacts with the samples. The source utilised during this work was a
Mid-infrared globar (thermal) source. Unlike most FTIR systems, rather than the
source beam passing through the sample prior to entering the Michelson

interferometer, the radiation from the source immediately passes through a
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potassium bromide (KBr) beamsplitter. From the beamsplitter, the beams are

focused directly onto the interferometer mirrors.

The interferometer compartment is very large in order to house the moveable
mirror, which sits on two tracks within the long arm of the compartment. It is this
moveable distance that gives the FTS such high resolution as it can produce a
significant path difference[42]. Due to the path of the beams, and the positioning of
the mirrors within the interferometer, it is generally described as a modified

Michelson interferometer[43, 44].

From the interferometer compartment the radiation is directed into the sample
compartment, which is itself split into two compartments to increase the possible
analyses. Only one compartment was used during this work, and the sample cell
was situated within this sample compartment. This self-contained unit (shown in
Figure 2.8) allows for compounds which could cause damage to the internal
workings of the instrument to be tested, and safer handling of samples. It also
allows for the controlled heating of samples as it has the capacity to be heated to at
least 200°C, using a digital control box. In order for the radiation to reach the
sample, the sample cell has two salt windows which sit in line with the path of the
radiation. This results in some loss of signal, but this can be improved by ensuring
that the windows are as efficient as possible resulting in only the minimum loss of
signal. The efficiency of the windows can be increased by ensuring that they are
clean, and that they are thin so that the infrared beam doesn't have to pass through
a large amount of material when entering and exiting the sample cell. Once the
radiation has passed through the sample compartment it reaches the detector
compartment which contains a detector cooled with liquid nitrogen. The data
collected is then processed by the software system OPUS, to produce a spectrum.
Figure 2.9 graphically shows the path taken by the infrared radiation through the

instrument from source to detector.
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Figure 2.8 The sample cell removed from the FTS showing one of the circular windows that allow the
infrared beam to pass through the cell
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Figure 2.9 Diagram representing the internal structure of the FTS with red arrows showing the path
taken by the infrared beam through the instrument from source to detector

It is possible to vary several parameters within the instrument; these include pre-
amplification gain, aperture size, resolution and number of scans, allowing the
optimisation of the spectra produced. The software also has functions to aid with

the manipulation of the data produced. Full instrument settings can be found in

table 3.3 (Ch.3).

2.3 Lasers

Lasers are now commonplace in spectroscopic techniques, in particular in raman

spectroscopy and laser induced breakdown spectroscopy (LIBS)[31]. The word laser
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is in fact an acronym of light amplification by stimulated emission of radiation[2,
45]. A photon is emitted through stimulation of a material in an excited state. That
photon is at the same frequency as the excited state, and as such it is possible to
vary the frequency of the radiation. The presence of photons at the same frequency
will stimulate further production of photons from the material in a positive
feedback loop[2]. This means that a laser will operate at a single, or narrow band
wavelength[45], and therefore a laser would not be a suitable source for an FTIR

instrument as FTIR covers a wider spectrum(8].

2.3.1 Quantum cascade lasers (QCLs)

Quantum cascade lasers are relatively new, with the first QCL laser produced in
1994[46]. A QCL is composed of extremely thin layers of semiconductor materials.
These layers create quantum wells down which electrons ‘cascade’ almost like an
object falling down a staircase. At each ‘stair’ a photon is released as the energy
level decreases[47, 48] (figure 2.10). This allows QCLs to emit more power than a
conventional laser. While the lasing wavelength for a conventional laser is
determined by the semiconductor material used, with a QCL the wavelength is
determined by the thickness of the material layers. This provides far greater

coverage across the spectrum[48].
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Figure 2.10 Staircase diagram depicting the movement of electrons within a QCL (adapted from[47])
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There are currently only a limited number of companies manufacturing this type of
laser and associated systems. However, one such company is Cascade Technologies
who have developed gas sensors for industrial chimney stacks and other trace gas
detection systems. By using mirrored multipass cells the QCLs (which are
themselves approximately the size of a pin head[48]) and other hardware can be

contained within a relatively small housing without reducing the sensitivity.

One area of development within this is the production of a multi-wavelength laser.
Currently QCLs are tuned to a single wavelength (although this will actually cover
approximately a 6 cm™ range ‘spectral window’) for detection; therefore, for each
compound requiring detection a separate laser is needed. However, the industry is
very close to producing a multi-wavelength laser which could vastly increase the

detection capability of the technology already developed.

2.3.1.1 QCLs for explosives detection

The potential for the use of QCLs in the detection of explosive vapour has been
already identified. The suitability for such lasers in stand-off detection has been
demonstrated by work carried out at Oak Ridge National Laboratory, where the
explosive PETN was detected at a distance of 50m[49] and the use of pulsed QCLs
for the stand-off detection of RDX molecules that had been adsorbed on surfaces
has also been seen[50] . Similarly, the suitability for use in an airport setting has
been demonstrated by the trial of the portal undergoing development at Cascade
Technologies in 2011. However, while in principle these techniques have been
shown to be suitable, there is still further research required before the technology
is ready for commercial use. In particular research regarding the loss of signal to the
environment in stand-off systems, and the restricted range of compounds that can

be detected using a single wavelength system.

2.4 Chemometrics

Spectroscopy is a technique which can generate a large amount of data and the
high resolution spectra produced during this work contained over 100,000 data

points per spectrum. Such a large data set will often require sophisticated data

61



handling methods as more basic systems cannot perform calculations with a large
volume of data. Similarly when comparing a number of variables, basic statistical

methods are not suitable[51].

2.4.1 Standard deviation and relative standard deviation (RSD)

Both the standard deviation and relative standard deviation (RSD) of a data set
provide a measure of the variability of the data. The standard deviation
demonstrates the spread of the data in comparison to the average value for the
data. A low standard deviation indicates that the data points are close to the
average value, a high standard deviation indicates a wide spread of data points and

therefore a greater degree of variability.

The RSD is a percentage value that represents the degree of variability of the data.
As with standard deviations a low RSD value indicates that there is not a large
amount of variation and a higher RSD value suggests that there is more variability in
the data set. Whether the variability in the data set demonstrated by the RSD
values is acceptable or not depends upon the experiment and the amount of
variation expected, however it is common in analytical chemistry to set a threshold

of 5%[52, 53].

2.4.2 Hierarchical cluster analysis (HCA)

HCA is a form of multivariate analysis, this is the analysis data derived for multiple
variables. Multivariate analysis is commonly used when comparing spectral data
and different spectral features measured within that data. Individual data points
across a spectrum can also be taken as variables for comparison[51]. HCA compares
the values for each variable for each dataset to determine how similar or dissimilar
each dataset is to the others. In this way it is possible to 'cluster' together similar

datasets.

There are four main ways that similarity, or dissimilarity, can be measured;
Euclidean distance, the correlation coefficient, Manhattan distance and

Mahalanobis distance[54]. The Euclidean distance was chosen for this research as it
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is the most commonly used of the four measures[54, 55]. The Euclidean distance

between two objects can be calculated using equation 2.3, where m is the number

of variables and k and | are the two objects[54, 56].

Equation 2.3 Euclidean distance for objects k and | with m variables[54]

A common way to present the results of HCA is using a dendrogram. This is a tree-

like diagram that uses distance to represent the level of similarity between different

datasets. The further away two datasets are the less similar they are. Clustering

occurs at the point where two datasets are joined at a 'branch’ of the dendrogram.

To illustrate this, table 2.2 shows a collection of data for five farmyard animals,

where a 1 indicates yes and a 0 no to the presence of that particular feature, with

the exception of the number of legs feature. This data has then been processed

using HCA to produce the dendrogram shown in figure 2.11.

Table 2.2 Data on farmyard animals for use in chemometric analysis

Animal Number of | Wings Cloven Chews cud | Feathers Webbed
legs hoof feet

Horse 4 0 0 0 0 0

Cow 4 0 1 1 0 0

Pig 4 0 1 0 0 0

Duck 2 1 0 0 1 1

Chicken 2 1 0 0 1 0
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Figure 2.11 Dendrogram produced using Minitab 16 for the farmyard animal data in table 2.2

The dendrogram shows how, unsurprisingly, the birds have formed a separate
cluster from the non-avians, given that for three of the variables these two animals
had different values to the other animals. However, it can also be seen that while
the birds cluster together it is with a similarity of approximately 70%, this is due to
the difference in the webbed feet variable. The horse, cow and pig cluster together
also at approximately 70% similarity. This is perhaps a little more surprising as the
horse has two variables with different results compared to the cow, and one
different from the pig so one might have expected the pig and horse to cluster
before the cow. However, the pig only has one variable different from the cow

(ruminates) and therefore this is why all three have clustered together.

This highlights the fact that while this technique is effective for separating groups
with gross differences, when the differences are smaller the clustering may not
show all the levels of variation.

2.4.3 Self organising feature maps (SOFM)

SOFM is a relatively new statistical technique[57], which provides an alternative to

HCA and principal component analysis (PCA) for multivariate data[58]. It works
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through a process of ‘matching’ different data entries looking for the Best Matching
Unit (BMU) i.e. the most similar data, building up a network by then looking at
neighbouring data[57]. This occurs in a stepwise process that is given in figure 2.12.
In addition to the number of iterations T, there are two other important features of

the process; the neighbourhood width (o) and the learning rate (a)[57].

Select sample at random
from data matrix

Find BMU of sample

T Iterations

Find neighbours of BMU

Update BMU and its
neighbours

Figure 2.12 Simplified diagram demonstrating the steps of each iteration of the SOFM process
(adapted from [57])

The neighbourhood width relates to the maximum distance a data unit can be from
the BMU and still be updated in that iteration[57]. The updating of a data unit
results in it become more similar to the BMU. The neighbourhood width starts a
large value, so that in the initial iterations a substantial proportion of the data units
are updated, and then decreases monotonically with each iteration, so that

eventually only the BMU and its closest neighbours are updated[57].

The learning rate relates to the maximum amount a data unit can be updated (or
learn) to represent a sample, i.e. how similar two units can become similar each
other in terms of their weighting. The learning rate is a number between 1 and 0
and, as with the neighbourhood width, decreases monotonically with each

iteration[57].
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The data gained from this can be used to visualise the data in the form of a cluster
map, or unified matrix. This matrix is created through the calculation for each data
unit of the sum of the similarities between the weighting of that unit and the units
around it. This gives a unit who is similar in weighting to its neighbours a low value,
and a unit that is dissimilar to its neighbours a high value. These different values can

be converted into a colour scale to visualise the different clusters[57].

What makes SOFM different from HCA is that it is also possible to separate out the
different variables (or components) and look at the similarity levels seen in each
variable, thereby allowing the user to perform principal component analysis and
determine which variables are important for the discrimination of each dataset.
SOFM also has the possibility for use with more complex statistical problems[59],
such as a known set of data is entered to produce an initial cluster map and then
unknown data is entered to identify the unknowns based upon where they
cluster[58]. However, for the purposes of this research, as a proof of concept, it was
sufficient to use SOFM in its most basic form. The cluster maps produced in this
research are effectively training sets for future work. Therefore, it is possible to
tune the clustering of the map to the number of clusters that you would be
expecting. When taking the work further these training sets would be used as the
basis for mapping unknown samples to determine if the discrimination of samples

could be applied to unknown materials.

Using the data in table 2.2 an example cluster map is shown in figure 2.13. This
shows that when the clustering is set to five, five clusters can be seen, one
corresponding to each animal. However, when the clustering is not set, the
matching algorithms only produce three clusters, albeit with shading differences
showing five regions (figure 2.14). This highlights the fact that assumptions must be
made when setting the clustering, in this instance five clusters were expected so the
clustering was set to five, there is a risk that in some circumstances this could

produce a map that suggests there is discrimination when there isn’t.
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This is why the colour shading is also important, as it is linked to the degree of
similarity between each pixel, and so it can be seen that while there are only three

defined clusters in figure 2.14, there are five regions of different shading.

Figure 2.13 Cluster map produced using Viscovery SOMine 4.0.2 for the farmyard animal data set
with the clustering set to five

Figure 2.14 Cluster map produced using Viscovery SOMine 4.0.2 for the farmyard animal data set
with the clustering set by the matching algorithms

Figure 2.15 reveals the component maps for the data, with five clusters set. The
graded bar at the bottom of each component refers to the level of similarity in the
cluster, ideally a component that is individual to a single dataset will have one red
cluster, for example the Chew cud and Webbed feet components both have one red
cluster, for cow and duck respectively. However, even where there isn’t a single red
cluster information can be gained from the shading as it is possible to see for each

component which data sets give the same, or close to the same, result. For example
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the Legs component has the duck and chicken clusters appearing blue and the
horse, pig and cow appearing red, therefore it can be deduced that the duck and
chicken have the same number of legs as do the horse, cow and pig, with the two

groups having a different number of legs.

Despite the relative newness of the technique, it has already been applied to many
areas, from the development of the technique by Kohonen in 1982, within the first
20 years around 4000 publications had appeared on the topic[59]. The ability to
discriminate between similar materials, and to investigate the principal components
in a visual and informative manner has made this a desirable technique for use in

forensic science[55, 60-64], in particular for spectroscopic data analysis.

Legs Wings

20 22 24 27 29 3.1 33 36 38 4.0 (00 0.1 02 03 04 06 0.7 0.8 09 1.0

Cloven hoof Chew cud

Webbed feet

00 01 0.2 03 04 06 0.7 08 09 1.0/ (0.0 0.1 0.2 0.3 04 06 0.7 0.8 0.9 1.0

Figure 2.15 Component maps for the farmyard animal data using Viscovery SOMine 4.0.2
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2.5 Conclusions

The available literature demonstrates that FTIR is a valid technique to employ for
the detection and qualitative characterisation of explosive materials. However, the
data generated needs to be handled correctly in order to be interpreted correctly
and usefully. Therefore, there is a need to develop not only sound protocols for the
gathering of data, but also sound data analysis to handle the large data sets

produced.
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Chapter 3. Protocol Development
and Analysis of Compounds of
Interest

3.1 Introduction

Prior to the analysis of materials of interest, a basic analytical protocol was required
using the Fourier Transform Spectrometer (FTS). This was to determine both the
optimum sample sizes and analytical temperatures for the analysis of liquid samples
in the vapour phase (see figure 3.1 for the instrumental set-up). While some
adaptations might have to be made to this protocol for less volatile materials it
would still provide a starting point for any future analysis. The initial liquid chosen
for protocol development was diesel as it presented a relatively complex mixture
with some components within the liquid being sufficiently volatile to produce

vapour at room temperature while others required the liquid to be heated.

/ Lid
Sample . Sample
vapour N cell
1 .
\ IR
Aluminium beam
dish T
N e Sample

Figure 3.1 Diagram of the sample cell demonstrating how liquid samples were analysed in the vapour

phase

Once the experimental protocol for liquids was developed, a range of explosive or
explosive precursor materials were analysed to create a reference library to

demonstrate the efficacy of the protocol. Sample choice was made to encompass a
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range of compounds of interest, primarily focusing either within the spectral
windows of currently available QCLs or wavelengths likely to be available in the near
future. In addition, compounds of interest were selected for their roles as explosive
precursors, with some materials having explosive properties in their own right.
Table 3.1 lists the compounds of interest selected and their relevance to explosives

detection.

Previous research into the vapour detection of these materials in an explosives
detection context has mainly focused on colorimetric or electrochemical
techniques[1-6]. The detection of ethylene glycol has predominantly been focused
upon its detection in a toxicological context[7, 8]. However, some research has been
carried out on the vapour phase detection of EGDN[9]. The materials listed have not
previously been analysed with the specific aim of determining suitable spectral
features for detection with a QCL based detection system. Analysis of these
compounds of interest in the vapour phase could provide greater spectral
information[10]. Furthermore, this will provide information suitable for stand-off

detection systems, as many of these are reliant on detection of vapour[11].

Table 3.1 Summary of the compounds of interest selected and their relevance to explosives

detection

Material Formula Relevance

Acetone C3;HsO Important constituent of TATP[12-14]

Ammonia NH; Important constituent of ammonium nitrate (AN), ANFO and
AN slurries[15, 16]

Ethanol C,HsO Can act as a fuel in the presence of an oxidiser, for example
when mixed with nitric acid it forms a rocket fuel-like
mixture[17]

Ethylene glycol C,He0, Important constituent of EGDN (ethylene glycol dinitrate)[15]

Hydrazine N,H,4 Important constituent of many rocket fuels[18, 19]

Hydrazine N,H, - H,0 Important constituent of many rocket fuels[18, 19]

hydrate

Hydrogen H,0, Important constituent of peroxide based explosives such as

peroxide TATP and HMTD([12, 20-22]

Methanol CH,O Important constituent of methyl nitrate[23, 24]

Nitric acid HNO; Important constituent of methyl nitrate[23], EDGN[15], can
form a rocket fuel-like mixture with ethanol[17]

Nitromethane CH3;NO, Found in explosive compositions mixed with a sensitiser[25],
or mixed with AN, classed as a liquid propellant when on its
own[16]
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Each material was characterised using high resolution FTIR focusing primarily on the
regions covered by the identified QCL wavelengths given in table 3.2, but also
examining across the whole spectrum for features that might be suitable for
detection with a new wavelength QCL or for features that might be detectable with
multiwavelength QCLs. Such multiwavelength lasers are capable of spanning
approximately 100 cm™, and an array of such lasers could cover a significant portion

of the mid-infrared region.

Table 3.2 The currently available and future planned wavelengths of QCLs at Cascade Technologies

Currently available (cm™) Future wavelengths (cm™)
867 885

918 1024

993 1106

1274 1160

1285 1184

3.2 Materials
3.2.1 Protocol development

Diesel was sourced from stocks held within the University of Strathclyde. The
samples were held within the sample cell using aluminium dishes purchased from

Sigma Aldrich UK.

3.2.2 Analysis of compounds of interest

10 materials were selected for analysis; these materials are shown in table 3.3.

Table 3.3 Source information for the 10 compounds of interest analysed

Material Source

Acetone Sigma Aldrich UK
Ammonia (in propanol) Sigma Aldrich UK
Ethanol Sigma Aldrich UK
Ethylene glycol Sigma Aldrich UK
Hydrazine (in Tetrahydrofuran) Sigma Aldrich UK
Hydrazine hydrate Sigma Aldrich UK
Hydrogen peroxide Sigma Aldrich UK
Methanol Sigma Aldrich UK
Nitric acid Sigma Aldrich UK
Nitromethane Sigma Aldrich UK

(0]



Two of the materials, ammonia and hydrazine, were dissolved in solvents due to
their volatile nature. Both of these solvents, propanol and tetrahydrofuran (THF),
were also analysed so that their effects on the spectra of ammonia and hydrazine
respectively could be investigated. Both propanol and THF were sourced from

Sigma Aldrich UK.

Samples were held within the sample cell in aluminium dishes purchased from
Sigma Aldrich UK with the exception of nitric acid, hydrazine and hydrazine hydrate
which were analysed in a dimpled ceramic tile, sourced in house, due to the risk of

these materials reacting with the aluminium dishes.

3.3 Method

Samples were transferred into the sample cell using either a syringe or
micropipette, depending upon the volume being analysed and any risk of the
material reacting with the plastic pipette tips (nitric acid, hydrazine and hydrazine

hydrate in particular). The instrument settings are given in table 3.4.
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Table 3.4 FTS instrument settings used during this research

General: Setting
Resolution 0.1cm™
Sample scan time 100 scans
Background scan time 100 scans

Save data from

800 - 2000 cm™*

Result spectrum

Transmittance

Datablocks to be saved

Transmittance, Single channel, Background

Optic:

External synchronisation Off
Source setting MIR
Beamsplitter KBr
Aperture setting 0.5 mm

Measurement channel

Front sample compartment

Background measurement channel

Front sample compartment

Detector setting

LN-MCT MidFOV = 30°[Internal Pos.1]

Preamp gain

B

Scanner velocity 40 kHz
Sample signal gain x1
Background signal gain x1

Delay after device change 0 seconds
Delay before measurement 0 seconds

Optical bench ready

Detector cooled

Acquisition:

Wanted high frequency limit

15000 [15798.02 cm ]

Wanted low frequency limit

0[0.00 cm™]

Laser wavenumber

15798.02 cm™

Interferogram size

287918 points. FT size 1024K

High pass filter

Open

Low pass filter

40 kHz [15978 cm™]

Acquisition mode

Single sided, forward-backward

Correlation mode Off

FT:

Phase resolution 8

Phase interferogram points 7109
Phase correction mode Mertz
Apodization function Blackman-Harris 3-term
Zerofilling factor 2

Perform interferogram non-linearity No
correction before FT

Display limits:

X axis 5000to 0
Y axis -0.1to 1.1

3.3.1 Protocol development

A two factor, three level experimental design was used. Two factors, sample volume

and temperature, were identified as potentially having significant effects on the
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spectra produced. Sample volume was likely to have an effect because the more
sample present, the greater amount of absorption of the infrared beam possible.
Temperature was likely to have an effect as the higher the temperature the more
vapour likely to be produced from the sample and therefore the more vapour
available for interaction with the infrared beam. Three levels; low, medium and

high, were selected for each factor and these are shown in table 3.5.

Table 3.5 The volume and temperature levels for the initial analysis of diesel

Volume (mL) Temperature (°C)
Low level 0.5 27
Medium level 1 75
High level 3 150

Each combination of the two factors at the three levels was repeated four times
(based on previous research[26]), resulting in a total of 36 analytical runs to

examine the effects of the two factors on the diesel spectra produced.

The sample analysis followed an eight step experimental procedure shown in table
3.6. The order of the different factor combinations was determined by the fact that
the sample cell could not actively cool itself, therefore it was necessary to start with

the lowest temperature level first.

Table 3.6 The experimental procedure for the initial analysis of diesel

Action

Background scan taken of empty sample cell at lowest temperature
Analysis of each sample size level at lowest temperature

Sample cell heated to medium temperature

New background scan taken of empty sample cell at medium temperature
Analysis of each sample size level at medium temperature

Sample cell heated to high temperature

New background scan taken of empty sample cell at high temperature
Analysis of each sample size level at high temperature
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The resulting spectra were examined visually using the OPUS software (version 6.5)
provided by Bruker with the instrument, and this software was used to calculate

average spectra and standard deviations. The data was then transferred to
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Microsoft Excel (2010 version) to enable further statistical analysis, and closer

examination of any regions of absorption that had been identified using OPUS.

3.3.2 Compounds of interest

The analysis of the compounds of interest followed the protocol developed using

diesel. The stepwise process for the analysis is given in table 3.7.

Table 3.7 The stepwise process for the analysis of compounds of interest

Step | Action

1 Background scan taken of empty sample cell at 27°C

2 100 pL sample analysed at 27°C

3 Repeat step 2 for five additional samples

4 Create an average spectrum (and standard deviation) for the six repeats

5 If there are absorption features visible (excluding water and carbon dioxide)
proceed to data analysis otherwise move to step 6

6 Increase the temperature to 75°C take a background scan of the empty cell and the
repeat the analysis six times

7 Create an average spectrum (and standard deviation) for the six repeats

8 If there are absorption features visible (excluding water and carbon dioxide)
proceed to data analysis otherwise move to step 9

9 Increase the sample volume to 1 mL and repeat the analysis six times

10 Create an average spectrum (and standard deviation) for the six repeats and

proceed to data analysis

Following the production of an average spectrum and standard deviation for a
sample set using the OPUS software, the data was transferred to Microsoft Excel to

enable further statistical analysis.

3.4 Results and discussion
3.4.1 Diesel

The spectra from all possible level combinations with diesel showed two regions of
absorption, aside from the carbon dioxide and water absorptions, at 2900 cm™* and
1400 cm™. Based upon the chemical makeup of diesel, which contains both long
chain and branched alkanes, these regions of absorption are most likely to be
caused by C-H bonds, and the broad nature of these absorption features suggest
that they are a result of multiple bond vibrations that have overlapped.

Temperature was shown to have a significant effect on the level of absorption with
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the greatest absorption seen at 150°C and the least at 27°C. These differences can
be seen in Figure 3.2. While an increased temperature increased the absorption, it
also resulted in an increase in variability. This can be seen in tables 3.8 and 3.9

which show the standard deviations and relative standard deviations taken from the

diesel spectra.
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Figure 3.2 Diesel spectra produced at 27°C (blue), 75°C (green) and 150°C (pink) showing the
differences in absorption seen across the temperature range
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Table 3.8 Standard deviation values calculated for the whole spectrum and within the regions of

absorption based on the mean where n=4

27°C 75°C 150°C
Highest Average Highest Average Highest Average
standard standard standard standard standard standard
deviation deviation deviation deviation deviation deviation
0.5mL | Whole 0.08 0.03 0.13 0.01 0.03 0.02
spectrum
1400cm™ | 0.04 0.02 0.10 0.01 0.18 0.04
region
2900cm™ | 0.04 0.04 0.02 0.02 0.08 0.04
region
1mL Whole 0.03 0.01 0.11 0.02 0.28 0.02
spectrum
1400cm™ | 0.01 0.01 0.06 0.01 0.24 0.03
region
2900cm™ | 0.02 0.01 0.03 0.02 0.05 0.03
region
3mL Whole 0.03 0.00 0.20 0.02 0.25 0.03
spectrum
1400cm™ | 0.01 0.00 0.04 0.01 0.16 0.05
region
2900cm™ | 0.01 0.00 0.03 0.02 0.11 0.04
region

Table 3.9 Relative standard deviation values calculated for the different variables for the whole

spectrum and within the regions of absorption

27°C 75°C 150°C
Highest Average Highest Average Highest Average
RSD RSD RSD RSD RSD RSD
0.5mL | Whole 7.10 2.53 11.57 1.40 91.94 3.65
spectrum
1400cm™ 4.33 2.14 8.70 1.27 20.76 5.55
region
2900cm™ 4.52 3.57 6.15 217 91.94 15.21
region
1mL Whole 2.84 0.87 9.14 1.51 195.30 3.68
spectrum
1400cm™ 1.34 0.68 4.92 1.22 18.84 4.39
region
2900cm™ 1.71 1.13 2.98 1.56 195.30 12.27
region
3mL Whole 2.87 0.39 20.97 1.63 113.70 4.34
spectrum
1400cm™ 0.90 0.38 2.58 1.15 17.01 5.65
region
2900cm™ 1.04 0.41 4.80 2.09 113.70 16.20
region

The standard deviation values were calculated using the OPUS software and give
data for the whole spectrum as well as the two regions of absorption. The RSDs

were calculated using the data produced by OPUS for the average and standard
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deviation values. Two values are given for each level, the highest value and the

average value, in order to give a broader perspective on the data.

The general trend observed was that as the temperature or volume increased, both
the standard deviation and RSD values increased. When examining the two regions
of absorption a trend was also seen, with the region at 2900 cm? showing higher
RSD values, both in terms of the highest single RSD value and the average RSD
value. This is probably because this is a larger region of absorption where the larger
the absorption peak the more likely it is that there will be variation. The majority of
the standard deviation and RSD values are below 5% indicating that while there is a
degree of variability it is not at a high enough level to affect the overall analysis. The
RSD values at 150°C indicate that at this temperature the level of variation seen

could have a detrimental effect on the analysis.

It should also be noted that while a large amount of absorption is preferable, as this
makes it easier to identify the absorption features, too much absorption will result
in saturation and flattening of the peaks. Figure 3.3 shows the absorption bands at
2900 cm™ across the three temperature levels and shows that, at 150°C, the
percentage transmittance is almost zero, which suggests that at this high

temperature level there is a risk of saturation.

Transmittance [%)]

T T T T
3400 3200 3000 2800 2600
Wavenumber cm-1

Figure 3.3 Close up of the absorption seen at 2900 cm™ with diesel at 27°C (blue), 75°C (green) and
150°C (pink)
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The results suggest that 27°C would be a suitable starting temperature as, while
there is less absorption seen than at higher temperatures, there still are visible
absorption bands. This indicates that compounds of similar or greater volatility than
diesel would show visible absorption bands at this temperature. For less volatile
compounds if no absorption bands were visible at 27°C the temperature could then

be increased to 75°C.

Figure 3.4 shows the variation seen between the three sample volumes tested at
75°C. The variation is substantially less than that seen with the different
temperature levels, with the main variation occurring in the levels of carbon dioxide
and water absorption observed and a degree of offset of the baseline. This suggests
that temperature is the dominant factor for determining the level of absorption.
This is supported by the fact that the amount of variation between the spectra
generated for different sample volumes increased as the temperature increased.
This also means that at lower temperatures, such as 27°C, there is less variation and
therefore the sample volume is less significant and smaller volumes can be used
without any significant reduction in the amount of absorption observed. Smaller
volumes are advantageous as they are easier and safer to handle. Whilst the
smallest volume used in the diesel analysis was 0.5 mL, based upon the results, a
starting volume of 0.1 mL would be appropriate for compounds of interest; with the
ability to increase the volume to 1 mL for less volatile compounds if a temperature

increase alone proved insufficient to produce visible absorption bands.
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Figure 3.4 Spectra produced with diesel at 75°C with sample volumes of 0.5 mL (green), 1 mL (pink)
and 3 mL (blue)

To summarise, the results of the diesel analysis have produced a basic protocol for
the analysis of liquid compounds of interest. The start temperature for analysis
should be 27°C and the start volume 100 pL. If these conditions do not produce
suitable absorption for characterisation, the temperature should be increased to
75°C, at first with the sample volume still 100 pL, but if necessary with the volume

increased to 1 mL.

3.4.2 Acetone

Information from Cascade Technologies suggested that there was a broad
absorption band at 1220 cm™ that would be too broad for absorption with current
QCLs but would be an ideal target for detection with a broad band laser. The whole
spectrum was analysed to gather an overall view with the expectation that, in
addition to a band at 1220 cm™, the majority of absorption bands present would be
too broad for detection with currently available QCLs. However, it was also
examined in the regions of the currently available and future wavelengths to
identify any regions that might be suitable for detection prior to the development

of broad band QCLs. Due to the highly volatile nature of acetone, the spectra
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produced were also carefully monitored to determine if there was saturation at any

point of the spectrum.

Figure 3.5 shows the average spectrum produced with 100 pL acetone at 27°C. As
expected there are several broad absorption bands, which appear to reach close to
saturation, with a flattening of the bottom of the peaks observed. In addition to
these larger peaks there are also several narrower absorption bands that might be

suitable for detection with a narrow band QCL.
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Figure 3.5 Average spectrum produced with 100 ulL acetone at 27°C with the structure of acetone also
shown

Figure 3.6 shows the absorption present at 1220 cm™, and indicates that the

predicted broad band is present in this region.
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Figure 3.6 Close up of the broad absorption band at 1220 cm™ in the average spectrum of 100 ul
acetone at 27°C that might be suitable for detection with a broadband QCL

This band would be suitable for detection with a broad band QCL however the band

has the disadvantage of being close to saturation, and includes an inverse peak

which could potentially interfere with detection. Based upon classification

tables[27] the absorption at 1220 cm™ was believed to be due to C-H stretching.

The examination of the regions of currently available, and future QCL wavelengths,
revealed that for the majority of the wavenumbers there is either no absorption or
the absorption present is part of a broader band and therefore not suitable for
detection at this time. However, there were two regions that might be suitable for
detection with current or planned narrow beam QCLs. There is a small peak at
approximately 886.5 cm™ which, although found within a larger peak, might be
suitable for detection with an 885 cm™ laser (see figure 3.7). This peak and the
associated broader peak was believed to be due to C-H out of plane bending. The
second peak is found at approximately 1290 cm™, which might be detectable with a
QCL at 1285 cm™ although it might fall just outside the spectral window (see figure
3.8). This absorption was believed to be due to C-H bond stretching.
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Figure 3.7 Close up of the potential detection target at 886.5 cm™ which is part of a broader
absorption peak of the average spectrum of 100 ul acetone at 27°C
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Figure 3.8 Excel plot showing the potential detection target at 1290 cm™ created with the data from
the average spectrum of 100 ul acetone at 27°C



To summarise, based upon the spectra obtained, acetone produces significant
absorption. However the majority of the absorption bands are too broad for
detection with the currently available narrow band QCLs. The development of
broadband QCLs would facilitate the detection of acetone and one region at 1220

cm™ has already been identified for this purpose.

3.4.3 Ammonia

The ammonia analysed was in propanol which was expected to have an effect on
the spectra produced. In order to overcome this, propanol was analysed under the
same conditions and the average spectrum produced was subtracted from the
ammonia in propanol average spectrum. The two spectra, ammonia in propanol and

the subtracted spectrum are shown in figures 3.9 and 3.10.
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Figure 3.9 Average spectrum produced with 100 uL ammonia in propanol at 27°C
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Figure 3.10 Average spectrum of 100 uL ammonia at 27°C with propanol subtracted with the
structure of ammonia inset

Data from Cascade Technologies indicated that there would be absorption present
at 867 and 993 cm™. A visual analysis of the spectra suggested that absorption was
indeed present in these regions, however, the absorption at 993 cm™ could be
affected by the presence of propanol. Both the original and the subtracted spectra,
along with propanol, were plotted in Microsoft Excel for the two regions of
absorption, and the results indicate that the propanol did not have a significant
effect on the level or shape of either of the absorption bands (see figures 3.11 and

3.12).
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Figure 3.11 Plotted data for ammonia in propanol (green), propanol (purple) and ammonia with
propanol subtracted (red) for the spectral region of the 867 cm™ detection site
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Figure 3.12 Plotted data for ammonia in propanol (green), propanol (purple) and ammonia with
propanol subtracted (red) for the spectral region of the 993 cm™ detection site

The absorption bands, derived from the N-H bonding, were found to be slightly
offset from the predicted wavenumbers, with the 867 cm™ band closer to 866 cm™
and the 993 cm™ band closer to 992 cm™. However, the bands still fall within the
QCL spectral windows. Neither of the absorption bands of interest appear to be

discrete peaks with both having a shoulder, suggesting that the absorption is
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comprised of two peaks combined rather than a single peak. However, this does not

prevent the use of the absorption band for detection.

To summarise, both the regions predicted to show absorption did have peaks
present, but in both cases the peaks were approximately 1 cm™ away from their
predicted location. Propanol was shown not to have a significant effect on either of
the absorption bands of interest through subtraction of a propanol spectrum from
the ammonia in propanol average spectrum. Based upon these results both the

absorption band at 866 cm™ and 992 cm™ would be suitable for QCL detection.

3.4.4 Ethylene glycol

Ethylene glycol is substantially less volatile than diesel, and therefore it was
predicted that it would be necessary to increase the temperature to 75°C in order
to produce spectra suitable for characterisation. This proved to be the case and
figure 3.13 shows the average spectrum obtained at 75°C. In addition, to enhance
the spectra, the sample volume was increased to 1 mL. Data from Cascade

Technologies had indicated the potential presence of absorption bands at 1075 and

1160 cm™ and therefore these were the regions focused upon for characterisation.
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Figure 3.13 Average spectrum produced with 1 mL ethylene glycol at 75°C showing the structure of
ethylene glycol inset
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Initial visual analysis of the spectra suggested that absorption bands were indeed
present at the predicted wavenumbers, with the band at 1075 cm™ significantly
larger than at 1160 cm™. When these regions were plotted using Microsoft Excel it
became clear that, while there was an absorption band at 1075 cm'l, it was too
broad for the spectral window of a conventional QCL at this wavenumber (see
figure 3.14). The smaller absorption band was found to be slightly apart from the
predicted wavenumber at approximately 1160.5 cm™ (see figure 3.15). This still falls
within the spectral window for a QCL at 1160 cm™ and the absorption band forms a
discrete peak which is ideal for detection. The absorption at 1075 and 1160.5 cm™

are both believed to be a result of >C-O stretching.
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Figure 3.14 Plotted values for ethylene glycol in the spectral region of the 1075 cm™ detection site
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Figure 3.15 Plotted values for ethylene glycol in the spectral region of the 1160 cm’™ detection site

To summarise, the results of the ethylene glycol analysis indicate that there is an
absorption band at 1160.5 cm™ that would be suitable for QCL detection. However,
the predicted absorption band at 1075 cm™, while present, was too broad for

detection with current QCLs.

3.4.5 Hydrazine and hydrazine hydrate

Reference information provided by Cascade Technologies indicated the presence of
a significant absorption peak at 918 cm™. However, hydrazine was only available in
solvent and reference spectra suggested that hydrazine solutions could produce a
significantly different spectrum to pure hydrazine. Hydrazine in THF was analysed,
and, as predicted, the absorption was shifted compared to the reference
information for pure hydrazine. In addition to this THF reference spectra suggested
that it would produce absorption in the same region, and this was seen to be the
case with a broad peak present in this region when viewing the average spectrum
(see figure 3.16). Therefore a spectrum for THF was produced and subtracted from

the spectrum of hydrazine in THF (see figure 3.17).
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Figure 3.16 Average spectrum produced for 100 uL hydrazine in THF at 27°C
o
o
™
o
[Te)
N
o
= Q
X«
[
(S}
C
8
= o
E 5
j =
©
}—
o A kot Lol e |
o
—
3 HyN——-NH,
T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber cm-1
Figure 3.17 Hydrazine spectrum with THF subtracted with the structure of hydrazine inset

The subtracted spectrum shows multiple inverse peaks. These indicate regions
where the THF spectrum had greater absorption than the spectrum of hydrazine in
THF. This was not expected, however it is possible that THF is more volatile than the

hydrazine THF solution and this would result in greater absorption. A close up of the
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region around the 918 cm™ detection site showed that there was absorption seen in
the subtracted spectrum (see figure 3.18) which is part of a broader peak and
therefore is unlikely to be suitable with currently available QCLs. Nonetheless, the
region of the spectrum shown in figure 3.18 does show smaller peaks at
approximately 1050 cm™ and 1175 cm™ which could be suitable for narrow QCL
detection, although this would require the development of new laser wavelengths.

The absorption peak at 918 cm™ is believed to be caused by an N-H wag.
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Figure 3.18 Close up of the hydrazine spectrum with THF subtracted showing the absorption in the
918 cm™ detection site and small peaks at approximately 1050 em™ and 1175 cm™

Despite the relative success of the subtraction, the spectrum produced will vary
depending upon the nature of the solution containing the hydrazine, and this will
have a significant effect upon detection in a real world situation where the material

is unlikely to be in a pure form.

Hydrazine hydrate was selected as an alternative to hydrazine in THF. It was
predicted that, while the spectrum produced would share some characteristics with
hydrazine, there would also be similarities with the ammonia spectrum due to the

presence of NHsz groups. If features matching those seen with hydrazine hydrate
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and ammonia were found, then the two features could be combined for an added
layer of detection and identification since the presence of both would indicate
hydrazine hydrate whereas the presence of only one of the features would suggest
either hydrazine hydrate or ammonia. Figure 3.19 shows the average spectrum
produced for hydrazine hydrate, while figures 3.20-3.22 show the hydrazine hydrate

data plotted in the regions identified for ammonia and hydrazine.
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Figure 3.19 Average spectrum for 100 ul hydrazine hydrate at 27°C with the structure inset
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Figure 3.20 Plotted data for hydrazine hydrate in the spectral region of the 867 cm™ detection site for

ammonia
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Figure 3.21 Plotted data for hydrazine hydrate in the spectral region of the 918 cm™™ detection site for

hydrazine
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Figure 3.22 Plotted data for hydrazine hydrate in the spectral region of the 993 cm™ detection site for
ammonia

The plotted data demonstrates that there is absorption present for hydrazine
hydrate in the same regions as for ammonia, and possibly absorption in the same
region as for hydrazine but it is small and slightly offset from the expected
wavenumber. These results would suggest that it is possible to detect hydrazine
hydrate using a combination of ammonia and hydrazine detection targets based on

absorption caused by N-H bonding.

The hydrazine hydrate spectrum had a large inverse peak observed at
approximately 1350 cm™. This is due to the hygroscopic nature of hydrazine hydrate
absorbing water from the atmosphere of the sample cell, causing a reduction in the

water present compared to the background spectrum.

In addition to the absorption features shared with ammonia and hydrazine,
hydrazine hydrate also has absorption features elsewhere in the spectrum that
could be suitable for detection with a QCL. As with the majority of the other
compounds analysed, there are also several peaks which are too broad for
detection with conventional QCLs but that might be suitable for detection with a

broadband QCL.
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To summarize, both hydrazine and hydrazine hydrate showed features that could
be detected using a QCL. THF was analysed and subtracted from the spectrum of
hydrazine in THF, and this demonstrated that there was absorption present due to
hydrazine rather than being due to the presence of THF. Hydrazine hydrate had
absorption features also seen with ammonia and hydrazine. This could aid its
detection as it would not require a specific QCL of its own. Detection algorithms
could be designed to detect when both the ammonia and hydrazine absorptions
were detected and determine that this meant the compound was in fact hydrazine

hydrate.

3.4.6 Hydrogen peroxide

Information provided by Cascade Technologies indicated the presence of absorption
features, at 1274 and 1285 cm™, that would be suitable for QCL detection. Due to
the structure of hydrogen peroxide, and the fact that the sample was in the form of
a 50% solution in water, the hydrogen peroxide spectra suffered from considerable
interference resulting in a noisy spectrum. At 27°C the absorption within the
expected regions was very small, therefore following the protocol the temperature
was increased to 75°C. Figure 3.23 shows the average spectrum produced at 75°C
and figure 3.24 shows a close up of the spectrum covering both of the regions of

interest.
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Figure 3.23 Average spectrum produced with 100 uL hydrogen peroxide at 75°C also showing the
structure of hydrogen peroxide
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Figure 3.24 Close up of the average spectrum for hydrogen peroxide showing the two regions of
interest

There is absorption present in both the predicted regions. These absorption

features are relatively close together and with a broadband laser could almost be
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taken as a single feature. Rather than forming a discrete peak the absorption bands
present in these regions of interest form an oscillating pattern. Plotting the two
regions in Microsoft Excel (figures 3.25 and 3.26) showed that, while there is an
oscillating pattern it is not regular in appearance. However, this may be beneficial
as it is likely to make it more individual and therefore more specific as a region for
detection. The oscillating patterns were classified as absorption caused by O-H
rotation. The presence of rotational absorption in the spectrum is due to the sample

being analysed in vapour form.
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Figure 3.25 Data plotted for hydrogen peroxide in the spectral region of the 1274 cm™ detection site
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Figure 3.26 Data plotted for hydrogen peroxide in the spectral region of the 1285 cm™ detection site
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Figure 3.24 also suggests that, in addition to the oscillating regions at 1274 and
1285 cm’?, there is a peak at approximately 1350 cm™ which might be suitable for
QCL detection.

To summarise, the hydrogen peroxide spectra showed absorption in the areas
expected. This absorption at 1274 and 1285 cm™ took the form of an oscillating
pattern rather than discrete peaks, however this form of absorption band is still

suitable for QCL detection.

3.4.7 Nitric acid

Information provided by Cascade Technologies suggested that there would be two
absorption bands at 867 and 885 cm™. The average spectrum produced (figure 3.27)
suggested that not only was absorption present in these regions, there were other
absorption bands across the spectrum that might be suitable for detection when

other QCLs become available.
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Figure 3.27 Average spectrum produced with 100 ulL nitric acid at 27°C also showing the structure of
nitric acid

The absorption at 867 cm™ is not a discrete peak, instead an oscillating pattern is

seen (figure 3.28). Despite not being a discrete peak, as with the hydrogen peroxide
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absorption features, this oscillating pattern is detectable with a QCL and as a result
the 867 cm™ region is a suitable region for detection. This absorption is believed to
be caused primarily by >N-O stretching and N-O stretching, with possible rotational

overtones.
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Figure 3.28 Plotted data for the spectral region of the 867 em’? target site for nitric acid

There are three relatively large absorption peaks in close proximity between 899
and 874 cm™ (figure 3.29). These peaks could prove to be a useful detection feature
when broadband QCLs become available however, in order for this to be possible,
further investigation of the relative intensities and precise determination of the
peak positions would be needed. These absorption peaks are also believed to be a

result of >N-O and N-O stretching with possible rotational overtones.
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Figure 3.29 Close up of the three relatively large absorption peaks seen between 874 and 899 em™in
the nitric acid spectrum

To summarise, the two regions predicted to show absorption, 867 and 885 cm™,
both showed suitable absorption features for QCL detection. However, while the
absorption feature at 885 cm™ was a discrete peak, at 867 cm™ an oscillating
pattern is present. In addition to these features several additional regions have

been identified that would be suitable for detection with a broadband QCL.

3.4.8 Nitromethane

Information provided by Cascade Technologies indicated that there would be an
absorption band at 918 cm™ that would be suitable for QCL detection. The average
spectrum produced (figure 3.30) suggested that absorption was present in this
region. A close up of this region (figure 3.31) showed that two peaks were present
with 4 cm™ of each other. The larger peak is slightly away from 918 cm™ at
approximately 917.7 cm™, however both peaks are within the 6 cm™ spectral
window of a QCL. The presence of the second smaller peak at 914 cm™ suggests
that this region could be used for more sophisticated detection through identifying

the presence of both peaks together and their relative intensities to each other.
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Both of these absorption peaks would be suitable for QCL detection and are

believed to be a result of >C-N and C-N stretching.
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Figure 3.30 Average spectrum produced with 100 ul nitromethane at 27°C also showing the structure

of nitromethane
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Figure 3.31 Close up of the 918 cm’ target region for nitromethane
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To summarise, the region predicted to show absorption at 918 cm™ in fact had two
peaks within the spectral window of a QCL at 917.7 cm™tand 914 cm™. Both of these

absorption peaks would be suitable for QCL detection.

3.4.9 Methanol

Methanol was analysed with the view to identify detection sites for future
broadband QCLs as the spectrum was expected to contain absorption bands too
broad for detection with currently available QCLs. Figure 3.32 shows the average

spectrum obtained with 100 pL methanol at 27°C.
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Figure 3.32 Average spectrum produced with 100 ulL methanol at 27°C also showing the structure of
methanol

As predicted the majority of the absorption bands are broad and therefore currently
unsuitable for detection. Within the regions identified for other compounds of
interest there were two regions with absorption bands that could potentially be
detected with current QCLs. A small peak can be seen at approximately 916 cm™
(figure 3.33) which could be suitable for detection with a 918 cm™ QCL, and an
oscillating pattern is present in the spectral window of a 1075 em™ QCL (figure

3.34). The small peak at 916 cm™ is believed to be a result of C-H bending or C-O
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stretching and the oscillating pattern at 1075 cm™ a result of C-O stretching and

possibly rotational overtones.
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Figure 3.33 Plotted data for methanol in the spectral region of a 918 em™ QcL

- 70%
- 60%
)]
- oY O
50% &
s
- 40% £
g
- 30% £
@©
=
- 20%
°\°
- 10%
0%
N AL MNONNMOOTHNILD AN NOOTOHOWL M O NNM
O O OO A0V NNMNLOOWNWM ST on MO N N o o
O MO MO NN T H0 AN NOOOUMONS d0WL AN O O
TNNBAIRAINGMOANNNO AT S IR O
AN AN OO DDV NONITOONOAN -« O W O 0 NN
0 00O = NNINDNNNNNOMNDNDDNEDNDDNDDDNDNDDNDMNOO OO O
o O O OO0 0000100000000+ 000 Oo
— - R B B I e I B | D I e B B B B B e B | L B B I |

Wavenumber cm-1

Figure 3.34 Plotted data for methanol in the spectral region of a 1075 em™ QcL

To summarise, the majority of the absorption seen within the methanol spectrum
was too broad for detection with current QCLs, however there were two regions
that could be suitable for detection with lasers at 918 and 1075 cm™. Furthermore
the absorption seen in other regions of the spectrum could be suitable for the

detection in the future using broadband QCLs.
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3.4.10 Ethanol

Following the successful analysis of methanol, ethanol was also analysed. The
average spectrum for ethanol is shown in figure 3.35. As with methanol, the
majority of the absorption bands seen were too broad for detection using currently

available narrow band QCLs.
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Figure 3.35 Average spectrum produced with 100 ul ethanol at 27°C also showing the structure of
ethanol

In addition to this there were three absorption peaks (figure 3.36) which initially
appeared to be the same as those seen between 899-874 cm™ within the nitric acid
spectrum. However, when the nitric acid and ethanol spectra were overlaid it could
be seen that the peaks were slightly offset and the relative proportions between
the peaks were different and therefore not caused by any potential nitric acid
contamination in the ethanol samples. It was thought that the presence of these
peaks may have been as a consequence of additives in the ethanol to prevent the
consumption of the laboratory grade material. However, the peaks were also
observed in the spectrum of ethanol available for consumption (tequila). Figure

3.37 shows the overlaid spectral of ethanol, tequila and nitric acid.
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Figure 3.36 Close up of three absorption peaks seen with ethanol
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Figure 3.37 Overlaid spectra of ethanol (red), tequila (teal) and nitric acid (purple)

An infrared spectrum of ethanol in the gas phase revealed peak separation in a
similar region (figure 3.38). While the appearance of the peaks is slightly different

this could be a result of the use of different instrumentation. The presence of peaks
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in this region of the spectrum suggests that while the peaks seen in the ethanol
spectra produced in this work appear different from reference spectra this is most
likely due to differences in resolution, or because the majority of reference spectra
are conducted in the liquid phase. The three absorption peaks in the 870 — 900 cm™

region are believed to be a result of C-H out of plane bending.
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Figure 3.38 Ethanol reference spectrum([28]

The ethanol spectrum was examined with regards to the regions of interest
identified for the other compounds covered by currently available QCLs. As with
methanol the majority of the target regions for the other compounds of interest
either contained no absorption or contained absorption that was part of a larger
absorption band too broad for current QCL detection. However, there were two
regions which could potentially be used for detection using available QCLs. There is
a small absorption peak present at approximately 882.7 cm™ which would be
suitable for detection with an 885 cm™ QCL; in addition to this there is a small
oscillating pattern at 885 cm™ which might also be suitable for detection (figure
3.39). The combination of both features within the spectral window of a single QCL
could make this region a strong detection site for ethanol. These absorption
features are believed to be a result of C-H out of plane bending and possibly

rotational overtones.

110



100%

- 90%

- 80%

- 70% 8
c

- 60% g

- 50% E

- 40% &

- 30%

- 20%

- 10%

. ________________________________________________________________________________________u

0%

NOO o AN S L I~NOOO AN S UL ~NOO NS LN OO
©CRAMNMNNNAITORONIROdminN S
N 1 O OO0 NNMNOUNTITT NN TIO O O 0NN
A O O) O) 00 00 00 00 00 0 O 0 0 O 0 O O N IN IN IS
0 00O 00 00O 00 00O 00O 00 00O 00 OO ©0O OO OO ©O O 00 00 o0 00 o0
Wavenumber cm-1

Figure 3.39 Plotted data for ethanol in the spectral region covered by an 885 em™ QcL

A small absorption peak was also present at 1161.5 cm™, which might be detected
with an 1160 cm™ QCL. There were several other absorption peaks in relatively
close proximity to the peak at 1161.5 cm™, however, they fall outside the spectral
window of the currently available QCL (see figure 3.40). This suggests that future
detection systems could use this region for identification of ethanol when
broadband QCLs become readily available. This absorption is believed to be a result

of C-H wagging.
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Figure 3.40 Plotted data for the spectral region around 1160 cm™ for ethanol
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To summarise, the analysis of ethanol revealed two regions suitable for detection
with currently available QCLs. It was also possible to see differences between the
spectra of ethanol and methanol, suggesting that discrimination between

chemically similar materials might be possible.

3.5 Conclusions

The results of the diesel analysis have shown that suitable starting conditions for
liquid analysis are a volume of 0.1 mL and a temperature of 27°C. Where required,
for less volatile compounds, both the temperature and volume can be increased to
75°C and 1 mL respectively. The temperature could be further increased, but the
results of this analysis suggested that this would result in a risk of saturation of the

detector and an increase in intra-sample variation and therefore is not advisable.

The analysis of compounds of interest demonstrated that the protocol developed
from the diesel analysis was fit for purpose. All of the compounds analysed had
detectable absorption bands, however not all of these were suitable for detection
with currently available QCLs. This was either because the absorption bands were
too broad or fell outside the spectral windows of the currently available lasers.
These bands are likely to be suitable for detection in the future either with
broadband QCLs or the development of lasers which have a spectral window
covering the wavenumber region of the absorption. This highlights the importance
of analysing a wide spectrum (800-4000 cm™) rather than focusing on known
regions of potential absorption as this might result in information for future

detection being overlooked.

The analysis of acetone in propanol and hydrazine in THF and the subsequent
subtraction of propanol and THF from the respective spectra demonstrated that this
was a suitable method for handling materials that are in solvent. The analysis of
ethanol demonstrated that the high resolution of the instrument allowed for the
detection of absorption features that otherwise might not be visible, in particular

absorption present when materials are in the vapour state.
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The information gathered through this analysis of the compounds of interest has

created a library of spectra that could be used to inform the development of

explosives detection systems.
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Chapter 4. Brand Discrimination -
Acetone

4.1 Introduction

Homemade and improvised explosives present both a continuing and an evolving
threat and can be prepared outside of a laboratory where the precursor materials
can be purchased on the high street. Acetone is one of the compounds identified as
an important precursor in HED/IED manufacture[1], where, in combination with
hydrogen peroxide, it can be used to produce TATP[2, 3]. Both hydrogen peroxide

and acetone can be readily purchased outside of a laboratory environment.

The detection of acetone as both a precursor and decomposition product of TATP
has seen substantial research as acetone has the potential to be used for not only
the detection of explosive devices but also as a compound associated with bomb
factories[1]. The main technique employed for detection is spectroscopy, with
research into Raman [4], differential absorption lidar (or DIAL, differential
absorption LIDAR)[1, 5] and photoacoustic spectroscopy (PAS) using quantum
cascade lasers[6, 7]. Other systems such as thin film based sensors have also been
reported[8]. Current research has focused on the development of detection
systems that have been calibrated for laboratory grade acetone[1, 4-8], and while
some have examined the possible effects of environmental interferents and varying
concentrations of acetone[l, 5, 9] they have not examined the potential for
interfering compounds present within the precursor itself to influence the resultant

spectra.

Acetone is commonly available as nail polish remover which may also contain
stabilisers, perfumes and conditioners all of which could have an effect on the FTIR
spectrum produced when analysed. There are also likely to be differences in the
concentration of the precursor material present, and this might be particularly
noticeable when compared with laboratory grade materials. These differences

could be exploited to allow for the detection and identification of brand types and
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which could highlight any interfering effects that might occur in homemade

explosives made from shop bought materials instead of laboratory grade materials.

The importance of developing mathematical algorithms and protocols for
discrimination of gaseous mixtures has been highlighted by several researchers [9-
14]. Several neural network based methods have been presented, with a substantial
focus on combining neural networks with fuzzy systems[9-11, 13-15] for the
discrimination of gaseous materials. However, while the use of self organising
feature maps (SOFM) has been applied to several areas of forensic science[16, 17]

thus far it has not been applied to the analysis of explosive precursors.

Therefore the basic premise for exploring the use of high resolution FTS in the
analysis of acetone was to test a set of different brands as well as the corresponding
laboratory grade material. This was followed by comparison of the spectra
produced to determine if it was possible to discriminate between the laboratory
grade material and the shop bought material, as well as the potential to

discriminate between the brands themselves.
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4.2 Materials

Laboratory grade acetone was purchased from Sigma Aldrich UK. Five nail polish

removers were purchased from retail outlets and are presented in Table 4.1.

Table 4.1 Five selected nail polish removers, where they were purchased and their ingredients

Brand

Purchased from

Ingredients

Boots Essentials nail polish
remover

Boots, Glasgow

Acetone, aqua, Ricinus communis oil,
Linseed acid, Triethanolamine,
Denatonium benzoate, Cl 60725

Sally Hansen Regular Polish
Remover

Boots, Glasgow

Acetone, aqua, Parfum, Ethoxydiglycol,
PPG-12-PEG-50 lanolin, Benzophenone-
3, Panthenol, Tocopheryl acetate,
Propylene glycol, Prunus armeniaca
(Apricot) extract, Fruit extract, Sodium
benzoate, Methylparaben, Benzyl
cinnamate, Benzyl saliclate, Cinnamyl
alcohol, Hydroxyisohexyl 3-cyclohexane
carboxaldehyde, Sorbic acid

Cutex Ultra cleansing nail
polish remover

Boots, Glasgow

Acetone, Aqua, Glycerin, Propylene
carbonate, Saccharum officinarum,
Benzyl benzoate, Benzophenone-1,
PEG-7-Glyceryl cocoate, Parfum,
Methyl cluceth-20, Tochpheryl acetate,
Propylene glycol, Denatured alcohol,
Pyrus mallus (Apple) fruit extract,
Camellia sinensis leaf extract, Linalool,
Mineral Qil, Cocos nucifera (Coconut)
oil, Citrus medica limonum (Lemon)
fruit extract, Citrus aurantium dulcis
(Orange) fruit extract, Phenoxyethanol,
Denatonium benzoate, Hydroxyisohexy
3-cyclohexene carboxaldehyde, Aloe
barbadensis leaf extract, Butylparaben,
Cl 60730, Cl 42090

Mavala nail polish remover

Boots, Glasgow

Acetone, Water (Aqua), Butyl acetate,
Ricinus communis (Castor) seed oil,
Green 6 (Cl 61565)

Allura nail polish remover

Poundland,
Glasgow

Aqua, Acetone, Ethyl acetate, Gycerine,
Cl 17200, Parfum
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4.3 Experimental protocol

The protocol used for each sample followed that developed through the diesel
analysis (Chapter 3). Each nail polish remover and the laboratory grade acetone
were analysed at 27°C. In each case six separate 100 pL samples for each brand

were analysed.
4.3.1 Visual comparison

Visual comparison of the resultant spectra was carried out using the OPUS software
(version 6.5) provided with the FTS instrument and involved overlaying the average
spectra (n=6) for each brand. The zoom feature was used to examine more closely

the spectra for any differences.
4.3.2 Statistical analysis

The statistical analysis had two stages; firstly, the FTS data underwent data
reduction using Excel (2010 version). Secondly Minitab (version 16) and Viscovery
SOMine (version 4.0.2) were used to carry out the multivariate analysis of the

reduced data set.

Reduction of the data was required due to the large number of data points within
each spectrum (106,198 datapoints for a spectrum produced at 0.1 cm* resolution).
This volume of data was impractical to insert directly into the statistical software
that was available, therefore a method of reducing the data size was required. This
was linked to the visual comparison, as regions of variation observed when
comparing the spectra were selected from the data to put into the statistical
software. Excel was used to extract the data points within these regions. Further
data reduction was achieved by summing the transmittance values for the data
points within each region of variation (‘binning') to produce a total transmittance
value for each region for each sample. This method is commonly used as a means of
reducing the size of large datasets such as those encountered in spectroscopic
analysis[18-21]. Data binning has the advantage of being relatively fast, and allows

for the exclusion of spectral features present as a result of carbon dioxide and

118



water. However, while it takes into account variations in transmittance, the method
could potentially struggle to differentiate between a broad shallow peak and
several deep sharp peaks within the same region. In addition to this where data
regions are non-uniform in size, as in this case, differences in the size of the total

transmittance values between regions can occur.

A possible alternative to binning might have been to set a threshold level of
absorption where only the data from any peaks observed above this threshold are
utilised. Such a data reduction technique is more appropriate for the examination of
guantitative data where the concentration of compounds within the analyte is of
importance as opposed to qualitative data where the presence or absence of
differences within the data is of relevance. As a consequence a threshold approach

was not pursued.

Once data reduction had been completed the resultant matrices were analysed
using hierarchical cluster analysis (HCA) and self organising feature maps (SOFM).
Principal component analysis was also considered as a statistical technique,

however preliminary attempts at data analysis using PCA were unsuccessful.
4.4 Results and discussion
4.4.1 Visual comparison

A visual examination of the six repeats for acetone, shown in figure 4.1,
demonstrated the presence of variation in terms of the peak areas observed. This
had been observed in the initial validation work using diesel, and is most likely due
to a combination of factors. Firstly, the sample chamber was not fully sealed,
potentially allowing the escape of vapour both during the analysis and the time
period between the sample being inserted into the chamber and the analysis being
started. The lack of a full seal could also have resulted in variation in the levels of
carbon dioxide and water vapour observed in the spectra. Secondly, because a fresh
sample of each material, taken from the stock solution, was analysed for each

repeat there is likely to have been very small amounts of variation in the amount of
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sample analysed. Given that the focus of the analysis was qualitative rather than
guantitative, these differences were not critical and emphasised that the

generation of an average spectrum was more appropriate.
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Figure 4.1 Overlaid spectra of the six analyses of acetone

The data from each repeat was examined more closely through monitoring the
relative standard deviation of the binned transmission values across the identified

regions of interest and this is presented in table 4.2.

The 31 regions represented in table 4.2 were those chosen as a result of visual
comparison across the laboratory grade samples and the branded samples where
differences in the spectra were observed. In general the data was reproducible with
the RSD values of only 6 regions (19%) greater than 5%. These six regions are shown

in red in table 4.2.
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Table 4.2 Regions of variation identified through visual examination of average spectra of laboratory

acetone and five acetone based nail polish removers and the data for acetone in these regions - the

total transmittance values, mean, standard deviation and RSD (rows with red text indicate data with
an RSD value above 5%)

Region Acetone | Acetone | Acetone | Acetone | Acetone | Acetone

(em™?) 1 2 3 4 5 6 Mean | Stddev | RSD
810-825 502.14 537.74 537.18 538.15 539.33 539.67 | 532.37 13.55 2.54
860-950 2603.35 | 2854.24 | 2568.19 | 2565.47 | 2651.37 | 2572.51 | 2635.86 102.09 3.87
968-970 94.84 100.27 98.06 98.21 99.15 98.57 98.18 1.67 1.70
1025-1040 512.13 538.60 533.65 535.31 538.02 538.64 | 532.73 9.39 1.76
1050-1120 | 2164.37 | 2304.93 | 2166.92 | 2170.79 | 2215.49 | 2183.50 | 2201.00 49.55 2.25
1250-1295 | 1460.97 | 1524.87 | 1480.96 | 1483.61 | 1501.34 | 1490.73 | 1490.41 19.62 1.32
1150-1285 | 2885.21 | 3227.66 | 2693.95 | 2692.33 | 2792.41 | 2701.27 | 2832.14 190.00 6.71
1287-1291 158.74 165.63 160.77 161.04 162.97 161.79 161.82 2.12 1.31
1305-1330 733.52 792.34 686.44 685.32 716.11 687.41 716.86 38.21 5.33
1360-1390 223.48 325.55 139.62 138.04 160.33 137.45 187.41 68.72 | 36.67
1300-1500 | 3992.14 | 4646.27 | 3238.73 | 3218.93 | 3530.32 | 3220.87 | 3641.21 526.40 | 14.46
1640-1800 | 2666.86 | 3072.92 | 2274.92 | 2267.39 | 2424.47 | 2272.08 | 2496.44 293.94 | 11.77
1878-1886 298.08 304.42 304.65 305.48 306.67 307.19 304.41 3.00 0.99
1932-1934 100.90 101.72 102.57 102.89 103.07 103.49 102.44 0.88 0.86
1950-2042 | 3109.31 | 3166.96 | 3187.03 | 3196.39 | 3203.87 | 3214.66 | 3179.70 34.78 1.09
2040-2042 100.26 101.92 103.06 103.37 103.48 103.98 102.68 1.25 1.22
2064-2066 101.06 102.82 103.72 104.03 104.21 104.63 103.41 1.19 1.15
2088-2092 165.39 169.00 167.94 168.39 169.39 169.32 168.24 1.37 0.82
2100-2180 | 2637.64 | 2707.50 | 2647.39 | 2653.02 | 2682.05 | 2667.78 | 2665.90 23.46 0.88
2236-2252 563.69 575.37 571.56 573.07 576.73 576.38 | 572.80 4.46 0.78
2440-2452 434.03 441.61 442.14 443.47 445.34 446.20 | 442.13 3.97 0.90
2565-2585 693.60 708.24 699.74 701.57 707.47 705.95 702.76 5.11 0.73
2895-2910 471.78 499.79 439.49 439.96 458.57 443,15 | 458.79 21.68 4.73
2860-3050 | 4706.89 | 5252.30 | 3933.92 | 3920.57 | 4262.48 | 3940.08 | 4336.04 | 495.58 | 11.43
3050-3135 | 2583.31 | 2711.39 | 2436.32 | 2436.42 | 2523.74 | 2448.70 | 2523.31 99.71 3.95
3305-3315 364.75 368.91 370.55 371.26 371.71 372.52 369.95 2.58 0.70
3330-3340 365.79 369.96 372.09 372.87 373.25 37434 | 371.38 2.83 0.76
3392-3398 231.85 234.89 234.95 235.46 236.23 236.50 | 234.98 1.52 0.65
3415-3500 | 2705.26 | 2790.71 | 2635.97 | 2638.54 | 2693.49 | 2651.25 | 2685.87 53.78 2.00
3500-3540 | 1364.32 | 1384.40 | 1381.45 | 1385.47 | 1392.83 | 1393.96 | 1383.74 9.77 0.71
3600-3850 | 8438.25 | 8540.08 | 8586.95 | 8619.02 | 8653.60 | 8681.24 | 8586.52 80.28 0.93
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Figure 4.2 presents an overlay of the average spectra for laboratory grade acetone

and the five nail polish remover brands analysed in the study (n=6 in each case).

It was possible to identify several regions where variation was present. In particular
the average spectrum for the Allura nail polish remover revealed a large amount of
variation from the other spectra. The variation observed was not restricted solely to

the fingerprint region of the spectra (which is shown in figure 4.3).

In total 31 regions of variation were identified through visual examination of the
overlaid spectra, although there was some overlap which was necessary in order to

differentiate between all of the samples, rather than just two.
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Figure 4.2 Overlaid average spectra for acetone (green) and five nail polish removers; Sally Hansen (blue), Mavala (purple), Cutex (dark green), Allura (teal) and
Boots (olive) produced with 100 pL samples at 27°C
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Figure 4.3 Close up of the fingerprint region of the overlaid spectra of acetone (green) and five nail polish removers; Sally Hansen (blue), Mavala (purple), Cutex
(dark green), Allura (teal) and Boots (olive)
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4.4.2 Statistical analysis

The 31 total transmittance values were plotted to give a profile of variables prior to
inputting these values into the statistical software. Figure 4.4 shows the profile of
variables for all 31 regions. This highlights the variation both within and between
the different regions, however it is somewhat skewed by the larger total
transmittance values. Data pre-treatment methods such as square root or fourth
root could be used to moderate the overall differences between the transmittance
values from region to region. However, such pre-processing could also
detrimentally affect the differences within the regions of variation, and given the
emphasis was on qualitative rather than quantitative analysis, the decision was
taken to use the raw data rather than pre-processing the data (examples of pre-
processed data are given in appendix 1). Table 4.3 shows wavelengths of the 31
regions of variation and the RSD values for the six brands taken from the average

spectral data for each brand across six repetitive measurements of each brand.
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Table 4.3 RSD values for the five brands and laboratory acetone analysed with RSD values (and their
regions) above 5% shown in red

Region Sally
(cm™) Acetone | Allura Boots Cutex Mavala | Hansen
810-825 2.54 0.15 0.16 0.08 0.19 0.14
860-950 3.87 1.85 3.63 1.24 4.25 3.83
968-970 1.70 0.21 0.55 0.18 1.13 0.94
1025-1040 1.76 481 0.24 0.07 1.94 0.37
1050-1120 2.25 7.57 1.77 0.69 3.33 2.17
1250-1295 1.32 7.13 0.68 0.24 3.43 1.12
1150-1285 6.71 11.67 4.11 1.47 7.69 3.67
1287-1291 1.31 1.84 0.70 0.24 1.76 1.14
1305-1330 5.33 3.18 4.76 1.65 5.85 5.16
1360-1390 36.67 18.91 23.12 4.89 17.76 27.02
1300-1500 14.46 8.18 11.96 4.06 13.80 12.21
1640-1800 11.77 12.66 9.05 3.48 11.35 8.60
1878-1886 0.99 0.30 0.66 0.15 0.09 0.20
1932-1934 0.86 0.48 0.94 0.32 0.26 0.30
1950-2042 1.09 0.50 0.88 0.30 0.18 0.25
2040-2042 1.22 0.57 1.03 0.35 0.32 0.38
2064-2066 1.15 0.49 0.96 0.32 0.24 0.30
2088-2092 0.82 0.26 0.52 0.17 0.32 0.34
2100-2180 0.88 0.30 0.40 0.12 0.90 0.87
2236-2252 0.78 0.46 0.52 0.17 0.30 0.36
2440-2452 0.90 0.57 0.84 0.28 0.07 0.22
2565-2585 0.73 0.50 0.53 0.15 0.49 0.52
2895-2910 4.73 4.65 3.69 1.35 5.73 4.54
2860-3050 11.43 7.10 9.44 3.29 12.57 9.91
3050-3135 3.95 1.01 3.20 1.12 4.18 3.78
3305-3315 0.70 0.09 0.35 0.13 0.08 0.13
3330-3340 0.76 0.18 0.14 0.17 0.14 0.17
3392-3398 0.65 0.20 0.11 0.13 0.09 0.19
3415-3500 2.00 0.44 1.86 0.59 2.28 2.12
3500-3540 0.71 0.24 0.45 0.12 0.34 0.35
3600-3850 0.93 0.39 0.52 0.49 0.80 0.93
Average 4.03 3.13 2.83 0.90 3.29 2,97

The RSD values for the brands confirmed the visual observations reported within
the six overlaid spectra for each brand (figure 4.1). Some spectral variation was

evident across the six brands, but this was minimal with the overall RSD value for all
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regions less than 5% for each brand. The regions which demonstrated the greatest
variation across the branded samples correspond to the regions with RSDs above
5% observed with the six acetone repeats (table 4.2) and accounted for 29% of the
areas of interest; however in all but one of these regions (1360-1390 cm™; 3% of the
total regions of variation) the RSD was less than 15% and this again corroborated

the laboratory acetone data.
4.4.2.1 Hierarchical cluster analysis

The spectral data was inputted into Minitab for hierarchical cluster analysis. This
included both the individual repeats for each brand and the average values
calculated for each brand. The dendrograms were produced using single linkage and

Euclidean distance, although other combinations were also tried.

The dendrogram produced for the individual spectra are presented in figure 4.5.
Unsurprisingly, the results revealed that acetone exhibited similarities with all of
the nail polish removers, and that Allura, which had the most spectral differences,
was the least similar to the other nail polish removers. Statistical analysis of the
individual repeats demonstrated that for some of the samples there was a degree

of overlap highlighted by the RSD values across some areas of the spectra.
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When the average spectra across each brand of acetone nail polish remover were
analysed, the samples were discriminated completely and the resultant dendrogram

is presented in figure 4.6.
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Figure 4.6 Dendrogram produced using the average total transmittance values for the 31 regions of
variation for the five nail polish removers and acetone

4.4.2.2 Self organising feature maps

The data was then subjected to SOFM neural network analysis and Figure 4.7 is the
cluster map for the individual repeats, with the clustering pre-set to six. This
corroborates the overlap that was observed with the HCA dendrogram with the co-
mingling of the individual samples rather than discrete separation by brand. One of
the Allura samples (repeat 1) separated completely from the other samples,
mirroring the result observed for this sample in the dendrogram. The rest of the
Allura repeats formed a cluster, again corresponding to the clustering seen with the
HCA dendrogram. Five of the acetone repeats form another cluster, with the sixth
(repeat 1) forming a large cluster with repeats of Cutex ultra cleansing, Mavala and
Sally Hansen. The other Sally Hansen and Mavala repeats form another cluster.

Unlike the dendrogram all of the Boots Essentials repeats cluster together.
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Figure 4.7 Cluster map for the individual repeats of acetone and acetone based nail polish removers
with the clustering set to six

The average data produced the cluster map presented in Figure 4.8 when the
clustering was set to six, and it can be seen that the samples have separated

correctly by brand. This supports the findings of the HCA.
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Figure 4.8 Cluster map for acetone and acetone based nail polish removers created using the
average spectral data with the clustering set to six

Figures 4.9-4.11 show the component maps for the 31 regions of variation used as
variables in the data. The maps show that some spectral features are discriminators
for specific brands, while some show variation across all six brands. The region
3600-3850 cm™ is an example of a discriminatory region for laboratory grade
acetone, with a single red cluster representing these samples while all other
samples are differentiated to lesser degrees from each other (all appearing as
various shades of blue). Red shading indicates a high level of similarity while blue
demonstrates the lowest level of similarity. As discussed in chapter 2, the ideal
component map for a feature that acts as a discriminator for a single brand will
have a single cluster with a high level of similarity for that brand and the rest of the
component map will be blue. However, a component map with each cluster shaded
differently indicates that this feature could discriminate between all the brands to

differing degrees.

The range of shading seen within each component demonstrates that the spectral

regions selected all have some variation between the clusters. This suggests that a
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combination of spectral features is required for successful discrimination of all six of
the brands from each other, however further work could be done to determine
whether the number of spectral features required could be reduced from 31, as this

would increase the potential for use in a portable detection system.
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Figure 4.9 Component maps for regions of variation between 810 and 1330 cm™
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It is also possible to link the component maps back to the profile of variables and
the original spectra. For example the region of variation 1300 — 1500 cm™ has the
six spectra shown in figure 4.12, the profile shown in figure 4.13 and the component
map shown in figure 4.14. The spectrum shows all the % transmittance values that
were then used for data analysis for this region. The profile of variables
demonstrates that in this feature there is predominantly variation between Allura
and the other brands, with a small amount of variation between all of the six
brands, suggesting that this feature would be discriminatory for Allura. The
component map supports this with the Allura cluster shaded red, and the other five
compounds having similar shading towards the blue end of the scale. The
absorption seen is this region is thought to be primarily as a result of the presence

of CH3 groups.
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Figure 4.12 Overlaid spectra for the six brands in the region 1300-1500cm™ (plotted in Microsoft

Excel)
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Figure 4.14 Component map for the region of variation 1300 - 1500 cm™

In comparison the region of variation 1640-1800 cm? (spectra shown in figure 4.15)
shows some grouping across the six brands, with Allura once again appearing quite
distinctly separate, and with Mavala and Cutex showing similarities to each other
but differences to the other brands. Figure 4.16 shows the profile of variables. This
then corresponds to the component map (figure 4.17) where Allura is shaded a
different colour to the other brands, Mavala and Cutex shaded a similar colour to
each other and the remaining three brands shaded the same colour . Therefore,

while this feature is not necessarily discriminatory for a single brand it provides a
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degree of discrimination across the brands. The absorption in this region is thought
to be primarily as a result of the presence of C=0 stretching, however as the exact
chemical composition of the different nail polish removers is not known it is

impossible to be completely certain.
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Figure 4.15 Overlaid spectra for the six brands in the region 1640-1800 cm'l(plotted in Microsoft
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Figure 4.16 Total transmittance values for the region of variation 1640 - 1800 cm?
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Figure 4.17 Component map for the region of variation 1640 - 1800 cm™t

The ability to break the data down into the separate components and visually
represent the differences between the brands through a colour scale means that

SOFM is simpler to interpret and more informative than HCA.
4.5 Conclusions

The analysis of acetone and acetone based nail polish removers successfully proved
the concept that a combination of high resolution Fourier Transform spectroscopy
and statistical analysis can discriminate between laboratory grade material and its

shop bought counterparts.

This is significant because it gives the potential for intelligence gathering, and
providing an aid to security services in the identification of those trying to produce a
homemade explosive device. As discussed in chapter 1, the linking of explosive
materials to precursors is an area of great importance. The results of this research
could further inform the development of technology for linking HMEs to their

precursors.
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In addition, the results raise concerns as to whether the differences seen in the

spectrum of a precursor material would also have an effect on the spectrum of the

final explosive produced as this could have significant implications for detection.

The results indicate that it is important to carry out a visual examination of the

spectra as well as the statistical analysis, and that repeat analysis of each brand is

required for accurate discrimination. Examination of the component maps suggests

that the original 31 regions selected as discriminatory regions of variation might be

reduced without losing the discriminating power of the analysis.
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Chapter 5. Brand Discrimination -
Alcohols

5.1 Introduction

Alcohols have a role in many chemical processes including the production of
homemade explosive materials. Due to the organic nature of alcohols they have the
potential to be used as fuels in explosive mixtures, and due to their flammable
nature alcohols could also be included in an explosive device in order to increase
the damage caused by that device. Methanol and ethanol had both been identified

as compounds of interest in chapter 3.

Alcohol is readily available in many forms, and these forms contain various additives
that can allow for the discrimination of different alcoholic materials. For example
methylated spirit is coloured purple to prevent accidental consumption, and the
presence of this colouring could alter the appearance of the infrared spectrum of
methylated spirit from other alcoholic materials thereby allowing for its

discrimination.

The analysis of alcohols, in particular ethanol, has been the subject of substantial
research, focusing primarily on two areas, law enforcement[1] and food safety[2]. A
wide variety of techniques have been utilised for analysis in the past, however the
two most successful techniques for analysis of alcohols are gas chromatography and
infrared spectroscopy[l, 3]. Much of the research into the use of infrared
spectroscopy for the discrimination of different alcohols has focused upon
discriminating wines[4-7] with many projects utilitising a WineScan™
spectrometer[4-6, 8, 9]. This instrument is produced by Foss and has been
specifically designed for the FTIR analysis of wines (as well as being applied to other
alcoholic beverages)[10]. Analysis using this instrument is fixed for liquid samples at
40°C with a resolution of 4 cm™[4, 5, 9, 10]. This results in a spectrum composed of
1056 data points[4, 8] compared to the 106,198 data points produced with the FTS

at 0.1 cm™. This difference in resolution was also seen in research carried out on
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more conventional FTIR instruments[2, 11] with the highest resolution described

being 2 cm™.

Multivariate analysis is frequently used in the analysis of alcohols for the purpose of
discriminating between different brands of the same alcohol type and identifying
adulterants, however the technique most commonly employed is principle
component analysis[2, 4-8]. Self organising feature maps do not appear to have
thus far been applied to the analysis of alcohols, and the focus has been on
discriminating between different brands of the same alcohol type, for example
identification of different wines, rather than taking a broader look across different

alcohol types.

There has been limited research into the detection and analysis of alcohol in the
vapour phase. This research has focused upon spectroscopic techniques, with some
research focusing upon the detection of alcohol in breath for the identification of
toxic levels of ethanol[11]. This research was principally aimed at a quantitative
measurement, and was carried out at relatively low resolution (4 cm™). Standoff
detection of alcohol has also been investigated for the purpose of identifying drivers
who are under the influence of alcohol through the detection of alcohol vapour
inside car cabins[12, 13]. This technique utilises lidar, focused upon a single

wavelength (3.39 um) for the detection of alcohol.

The premise of this research was to apply high resolution FTIR and the chemometric
techniques described in Chapter 4 to the analysis of a range of alcohol types, in the
vapour phase at approximately room temperature, to determine whether

discrimination of the alcohol types was possible.
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5.2 Materials

A range of commercially available alcohol containing materials and laboratory
standards were selected for investigation with a range of alcohol concentrations

and potential additives and are given in table 5.1.

Table 5.1 Alcohol containing materials selected for analysis

Material Concentration (% v/v) Source

Methanol (laboratory grade) | 99.9 Sigma Aldrich UK
Ethanol (laboratory grade) 99.9 Sigma Aldrich UK
Propanol (laboratory grade) | 99.9 Sigma Aldrich UK
Methylated spirit 60-100 ethanol 1-5 methanol | Cotswold Outdoor
Surgical spirit 90 ethanol 5 methanol Boots

Listerine mouthwash Not specified Boots

Tesco everyday value Not specified Tesco

mouthwash

Colgate Peroxyl mouthwash | 9.6 Boots

Bacardi Breezer 4 Tesco

Melocoton 20 Just a Glass
Bacardi rum 37.5 Just a Glass
Gordon’s gin 37.5 Just a Glass
Beefeater gin 40 Just a Glass
Smirnoff vodka 37.5 Just a Glass
Absolut vodka 40 Just a Glass

Jose Cuervo Especial tequila | 38 Sourced ‘in house’

A breakdown of the different ingredients in each shop bought alcohol can be found
in appendix 3. Samples were held within the FTS using aluminium dishes purchased

from Sigma Aldrich UK.

5.3 Experimental protocol

The protocol used for each sample followed that developed through the diesel
analysis (Chapter 3). Each alcohol was analysed at 27°C with six 100 pL samples
analysed from the stock solutions.

5.3.1 Visual analysis

Visual comparison of the resultant spectra was carried out using the OPUS software

(version 6.5) provided with the FTS instrument. Spectra were examined both
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individually and as an overlay of the average spectra (n=6) for each alcohol. The

zoom feature was used to examine the finer detail of the spectra.

5.3.2 Statistical analysis

The statistical analysis followed the same process as applied to the acetone data
(Chapter 4), the transmittance values from each region of variation were ‘binned’ to
give a total transmittance value for each region. These values were then input into
Minitab (version 16) and Viscovery SOMine (version 4.0.2). Data normalisation was
also employed prior to the data reduction in order to combat a drift in the starting

baseline that was observed across the analyses.

The normalisation aimed to adjust the data so that all of the spectra began at 100%
transmittance as a baseline. This was achieved by calculating how far from 100%
the first point (at 4000 cm?) of the spectrum was and adjusting every point on the
spectrum by this value. This method, while not sophisticated, ensured that all the

spectra started at the same point.

The baseline drift could result from the long duration of the use of the instrument.
Over time the liquid nitrogen utilised to cool the detector will have been consumed,
and while this did not reach a level that prevented the detector from functioning, it
potentially could have caused the baseline drift observed. While this drift was
substantial enough to require baseline normalisation of the data prior to the
statistical analysis, it did not affect the peak position. Therefore the variation
observed was due to differences in the alcohols analysed resulting in different

spectra rather than instrumental variation.
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5.4 Results and discussion
5.4.1 Visual analysis

A visual examination of the six repeats for ethanol, shown in figure 5.1
demonstrated the presence of variation in terms of the peak areas observed.
Similar variation had been observed in the initial validation work using diesel and in

the analysis of acetone and acetone based nail polish removers.

Transmittance [%)]
40 60 80 100 120 140 160
| | | | |
)
)

20
I

T T T T T
3500 3000 2500 2000 1500 1000
Wavenumber cm-1

Figure 5.1 Six ethanol repeats overlaid, demonstrating the presence of variation between the spectra

As with the nail polish removers in Chapter 4 the data from each repeat was
examined more closely through monitoring the RSD of the binned transmission
values across the identified regions of interest. The data for each repeat, including
the mean, standard deviation and RSD for each region of interest, along with the
wavenumbers for each of the 22 regions identified, are presented in table 5.2.
While there is some variation across the repeats the data collected is reproducible

with none of the regions identified having an RSD value of above 5%.
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Table 5.2 Data for the six ethanol repeats across the 22 regions of variation identified

?cenfl:(l))n Ethanol 1 | Ethanol 2 | Ethanol 3 | Ethanol4 | Ethanol5 | Ethanol 6 | Average | Stdev | RSD
810-840 1052.64 1057.51 1051.39 1052.41 1054.43 1054.13 | 1053.75 197 | 0.19
860-910 1235.74 1232.35 1230.29 1228.36 1228.67 1220.22 | 1229.27 4.75 | 0.39
920-100 2649.27 2664.93 2654.53 2657.11 2666.28 2664.55 | 2659.44 6.27 | 0.24

970-1020 1295.83 1298.45 1295.92 1296.39 1299.33 1293.49 | 1296.57 1.90 | 0.15

1020-1050 263.62 265.06 260.74 262.50 261.55 255.74 261.54 294 | 1.12

1050-1100 382.28 387.86 378.95 382.30 381.39 373.11 380.98 4.42 | 1.16

1140-1150 348.04 350.21 349.33 349.76 351.25 350.97 349.93 1.07 | 031

1120-1200 2482.45 2496.09 2490.81 2493.62 2503.78 2500.19 | 2494.49 6.84 | 0.27

1200-1280 1725.46 1722.83 1723.39 1723.12 1725.70 1711.56 | 1722.01 4.81 | 0.28

1300-1340 1517.80 1526.61 1523.56 1526.85 1533.63 1530.89 | 1526.56 5.08 | 0.33

1340-1360 588.52 591.09 588.49 590.79 592.66 591.04 590.43 149 | 0.25

1360-1440 1605.91 1602.17 1595.43 1602.69 1603.47 1587.83 | 1599.58 6.15 | 0.38

1440-1460 563.30 564.53 559.39 565.16 566.79 564.21 563.90 2.28 | 0.40

1450-1480 887.23 890.53 880.51 891.38 894.38 891.25 889.21 4.42 | 0.50

1900-1970 2487.95 2515.85 2507.88 2518.24 2535.90 2541.01 | 2517.80 | 17.60 | 0.70

2000-2100 3634.58 3679.57 3669.50 3684.01 3711.55 3721.50 | 3683.45 | 2839 | 0.77

2620-2680 2126.17 2156.15 2154.47 2164.23 2183.46 2189.70 | 2162.36 | 20.84 | 0.96

2800-2860 1529.53 1540.98 1545.93 1550.32 1561.07 1556.48 | 1547.38 | 10.33 | 0.67

2850-2915 733.59 734.96 732.43 736.40 736.68 723.10 732.86 4.61 | 0.63

2915-2950 333.70 334.28 331.77 334.45 333.81 326.12 332.36 2.92 | 0.88

2950-3100 3269.03 3313.98 3308.98 3328.77 3354.77 3348.20 | 3320.62 | 28.39 | 0.85

3600-3775 5387.20 5437.66 5383.05 5461.36 5496.59 5495.34 | 5443.53 | 4597 | 0.84

The average spectra for all of the alcohols analysed are presented in figure 5.2. The
spectra showed several regions of variation, but also some absorption features
characteristic of all the alcohols. This suggested that it should be possible to
discriminate between the alcohols, whilst still being able to identify all the spectra

as being produced by an alcohol.
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5.4.2 Statistical analysis

Following normalisation, the data for the 22 regions of variation were separated out
and total transmittance values calculated for each region. As with the acetone data
these total transmittance values were plotted to give a profile of variables, which is
shown in figure 5.3. The wavelengths of the 22 regions of variation and the RSD

values across the average data (n=6) for the 16 alcohols are presented in table 5.3.

The data in table 5.3 confirmed what had been observed in the visual analysis, that
there was some variation seen with the different alcohols. However, only seven of
the 22 regions (32%) had alcohols with RSD values of 5% or above, which were
restricted to four of the 16 alcohols; Colgate peroxyl mouthwash, methanol, surgical
spirit and methylated spirit. It is possible that these alcohols were more sensitive to
the risk of loss of sample through evaporation before and during the analysis due to
increased volatility. Table 5.3 also contains the average (n=22) RSD values for each

alcohol and none of these values are above 5%.

The total transmittance values were used for multivariate analysis using HCA and

SOFM.
5.4.2.1 Hierarchical cluster analysis

Figure 5.4 shows the dendrogram produced when comparing together the average
spectra for all of the different alcohols tested across all 22 regions of interest.
Methanol and propanol showed the lowest level of similarity to the other alcohols
tested, which is understandable as the alcohol present in alcoholic drinks, and
mouthwashes, is ethanol. Methylated spirit and surgical spirit group with ethanol,
this is likely to be because the overall ethanol concentration is higher in these
alcohols than the alcohol drinks and mouthwashes. However, it would have been
expected that methylated spirit and surgical spirit might also show some similarities

with methanol, but this is not readily apparent from the dendrogram.
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Figure 5.4 Dendrogram produced using the average total transmittance values for the alcohols
analysed

Generally speaking, the pure alcohols (laboratory grade ethanol, methanol and
propanol) and the samples containing mixtures of alcohol with few other
components (surgical and methylated spirits) have clustered together. The other
alcohol containing materials have similarly clustered together with various sub-

clusters formed.

Further analysis was carried out, using the data from the individual repeats of
various sub-groups, to determine whether concentration of alcohol or the
composition of the matrix would have a greater effect on the discrimination

observed.

Figure 5.5 shows a comparison of Bacardi rum (37.5% alcohol concentration),
Gordon’s gin (37.5% alcohol concentration), Smirnoff vodka (37.5% alcohol

concentration) and Jose Cuervo tequila (38% alcohol concentration).
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Figure 5.5 Comparison of drinkable spirits with an alcohol concentration of 37.5% or 38%

This seems to suggest that the gin, vodka and rum based drinks will cluster
together, however a degree of separation between the three was apparent within
the larger grouping. The tequila was clearly separated, however, it cannot be readily
established whether this separation results from the slightly higher alcohol content,

the different matrix composition or a combination of both.

Figure 5.6 shows a comparison of Beefeater gin (40% alcohol concentration) and
Absolut vodka (40% alcohol concentration). In both cases, while there is a small
degree of overlap, the six repeats of the different drinks generally cluster together
separating the two samples correctly. This mirrors the results obtained between gin
and vodka at 37.5% alcohol concentration (figure 5.5) and does suggest that a
degree of discrimination between the type of alcoholic drink (vodka, gin etc.) may

be possible.
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Figure 5.6 Comparison of drinkable spirits with an alcohol concentration of 40%

When comparing the samples from the same drink type (vodka or gin)
differentiation is much less successful irrespective of differences in alcohol
concentration. This suggests that it is the matrix of the solutions rather than the
alcohol percentage that plays a critical factor in discrimination. This is confirmed
when comparing Beefeater gin (40% alcohol concentration) and Gordon’s gin
(37.5% alcohol concentration), shown in figure 5.7 and Absolut vodka (40% alcohol

concentration) and Smirnoff vodka (37.5% alcohol concentration), shown in figure

5.8.
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Figure 5.7 Comparison of Beefeater gin (40% alcohol) and Gordon’s gin (37.55 alcohol) showing the
individual repeats
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Figure 5.8 Comparison of Smirnoff vodka (37.5% alcohol) and Absolut vodka (40% alcohol) showing
the individual repeats

However, it does appear that when a much larger difference in alcohol content is in
evidence this does have an influence on the clustering which occurs. This is

apparent through the HCA analysis of Bacardi rum (37.5% alcohol concentration)
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and Bacardi breezer (4% alcohol concentration) where, despite both containing the
same type of alcohol (rum), the six repeats for each drink cluster by sample type

with a similarity between the two clusters of only 19.73% (figure 5.9).
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Figure 5.9 Comparison of Bacardi rum and Bacardi breezer showing the individual repeats

A comparison of the three mouthwashes further demonstrates the discrimination
possible for materials of similar alcohol concentration but different compositions.
All of the mouthwashes are likely to have low alcohol concentrations, however as

figure 5.10 demonstrates, the individual repeats for each mouthwash cluster

separately and therefore discrimination is possible.
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Figure 5.10 Comparison of Listerine, Tesco and Colgate mouthwashes

5.4.2.2 Self organising feature maps

The same data was analysed using SOFM. The cluster map for the individual repeats

for each alcohol is shown in figure 5.11 with the clustering set to 16.

andi 1 =k

Bacardi 2
Melocoton B
Bacardi 4
Bacardi & Gordon's gin 3

Gordon's gin2 |
Bacardi & Gordon's gin &

Figure 5.11 Cluster map for the six individual repeats for each of the 16 alcohols analysed
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The cluster map allows for the examination of the data in a way that wasn’t possible
with HCA as the dendrogram of the individual repeats was too crowded to view. The
SOFM of the individual repeats allows for the examination of the clustering of the

individual repeats.

The cluster map reveals that propanol, methanol, ethanol, methylated spirit, and
surgical spirit form separate clusters. These are the alcohols with the fewest
additives and highest alcohol concentrations. It is also notable that the clusters of
each of these alcohols are found next to each other. In this case the methylated
spirit sits beside both methanol and ethanol reflecting its composition in a way not

observed with the HCA analysis.

Five of the Colgate mouthwash repeats have also formed a cluster, with the
remaining repeat (Colgate 1) forming a cluster of its own. While the alcohol
concentration of the Colgate mouthwash is similar to that of the Listerine and Tesco
mouthwashes it is not surprising that it has clustered separately as it also contains
hydrogen peroxide which will produce absorption features that will not appear in

any of the other alcohols analysed in this data set.

The Tesco and Listerine mouthwashes formed a cluster together, although one
Listerine repeat (Listerine 1) has clustered with tequila and melocoton and two
Tesco repeats (Tesco mouthwash 1 and Tesco mouthwash 2) have clustered with
three Bacardi breezer repeats (Bacardi breezer 1, 3 and 5). The remaining three
Bacardi breezer repeats form a single cluster. The six tequila repeats have clustered
together, but the cluster also includes two melocoton repeats (Melocoton 1 and 2)
and a Listerine repeat (Listerine 1). Three of the other melocoton repeats
(Melocoton 3, 4 and 5) have formed a cluster, with the remaining repeat
(Melocoton 6) forming a large cluster with Barcardi and Gordon’s gin. The

remaining spirits have formed several mixed clusters.

When the data from the average (n=6) spectra are used, successful clustering of the
samples was achieved and figure 5.12 illustrates this. In this map, unlike with the

individual repeats, it is surgical spirit rather than methylated spirit that sits between
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ethanol and methanol. This reflects the composition of surgical spirit, but also
suggests that methylated spirit and surgical spirit have a degree of
interchangeability. This corresponds to the fact that both are primarily composed of
ethanol and methanol. The cluster map demonstrates a trend across the map, from
left to right, from low to high alcohol concentration with the mouthwashes and
Bacardi breezer found to the left and the laboratory grade alcohols found towards
the right. This gives a different perspective compared to that obtained from the
HCA where the matrix composition was the main discriminator apart from in cases

where there was a significant difference in the alcohol concentration.

Listerine

Ethanol Methanol

Surgical spirit
spirit
Beefeater gin

Absolut

Gordon's gin

Figure 5.12 Cluster map for the average values of the alcohols analysed

As with acetone it was possible to view the component maps for the average
values. These are shown in figures 5.13-5.14.
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Figure 5.13 Component maps for regions 810-1440 cm™
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Figure 5.14 Component maps for regions 1440-3775 cm™t

The component maps show how, with this larger dataset (compared to acetone),

there are no instances where one region is a strong discriminator for a single

alcohol (one red cluster with the rest shaded blue). However, each region shows
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clusters with a range of shading, therefore demonstrating that the regions can
discriminate between multiple alcohols, but that several regions would be required

for strong discrimination.

The component maps correspond to the clustering seen with the individual repeats,
in that for many of the regions the drinkable spirits have a similarity between them,
as did the Tesco mouthwash and Listerine, while methanol and propanol in

particular stand out as being dissimilar to the other alcohols.

The component maps also help to highlight the left to right, low to high
concentration trend seen in the cluster map. Figure 5.15 shows the overlaid spectra
for the region 2915-2950 cm™, this shows all the transmittance data that was then
used for the data analysis. Figure 5.16 shows the profile of variables and figure 5.17
shows the corresponding component map. This region is an example of the trend,
with the lower concentrations shaded red, the middle section with the slightly
higher concentrations shaded orange and the highest concentrations appearing
green and blue. It also corresponds to the findings of the dendrogram with
methanol and propanol appearing the least similar in terms of colour to any of the
other alcohols. It is thought that the absorption observed in this region was
predominantly due to C-H stretching. However, as the full chemical composition of
the alcohols analysed is not known it is not possible to conclusively identify the

causes of the absorption.
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Figure 5.15 Overlaid spectra of the alcohols analysed in the region 2915-2950 cm™ (plotted in

Microsoft Excel)
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Figure 5.16 Profile of variables for the region 2915-2950 cm™
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Figure 5.17 Component map for the region 2915-2950 em’t

The component maps also demonstrate the separation of the laboratory grade
alcohols and those with more additives. Figure 5.18 shows the overlaid spectra for
the region 1340-1360 cm™, figure 5.19 shows the profile of variables and figure 5.20
the corresponding component map. This region shows the majority of the alcohols
shaded red and orange, with the exception of methanol, ethanol, propanol and
methylated and surgical spirits, which can be considered virtually laboratory grade
when compared to alcoholic drinks and mouthwashes. Once again methanol and
propanol, in particular methanol, appear least similar to the other alcohols, further
confirming the results of the HCA. The absorption in this area may be due to C-O-H

in plane bending.
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Figure 5.18 Overlaid spectra of the alcohols analysed in the region 1340-1360 cm’® (plotted in

Microsoft Excel)
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Figure 5.20 Component map for the region 1340-1360 em™

5.5 Conclusions

The results demonstrate that high resolution Fourier Transform spectroscopy
coupled with multivariate analysis is a suitable tool for the discrimination of
different alcoholic materials. While the concentration of the alcohol will aid
discrimination when there is a significant difference, the type of alcohol present will
have a greater effect on discrimination by type but not necessarily by brand. This
applies not only to different alcohols in the sense of ethanol, methanol or propanol

but also in terms of different ethanol based spirits.

The results support the findings of the analysis of acetone and acetone based nail
polish removers that this technique is suitable for discriminating a range of
potential explosive precursors. Significantly the range of different samples used in
this experiment was much larger than for the acetone experiment yet the ability to
discriminate was still observed. This strengthens the observation that this technique
is suitable for discriminating between brands, and potentially to tie precursors to

final products.
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The ability to discriminate between different alcoholic materials has implications for

the detection of potential bomb makers, but also could have applications in several

other areas. The most obvious would be in the detection of counterfeit, or tainted

alcoholic spirits.
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Chapter 6. Brand Discrimination -
Hydrogen Peroxide

6.1 Introduction

The role of hydrogen peroxide as an explosive precursor came to prominence
following the terrorist attacks on the A July 2005 on the London transport system.
The terrorists had used hexamethylene triperoxide diamine (HMTD) as an explosive
in the attacks[1]. Triacetone triperoxide or TATP has also been used in terrorist
attacks[2]. In addition to the explosive materials that it can produce, hydrogen
peroxide in a sufficiently concentrated form is explosive in its own right[3] which

makes it an important target for explosive detection.

As with the other precursors for ‘homemade’ explosive materials, hydrogen
peroxide is readily available for legitimate purposes. However, efforts are made to
prevent the use of hydrogen peroxide as an explosive precursor by limiting the
availability of hydrogen peroxide in high concentrations. Despite this, it is possible
to purchase large quantities of lower concentration peroxide, without having to
declare the purpose of the purchase. In addition to this, as with the majority of the
other ‘homemade’ explosives, it is possible to find detailed ‘recipes’ for peroxide
based explosives online[4, 5]. This makes it relatively easy for individuals wishing to

make peroxide based explosives to do so.

Legitimate uses for hydrogen peroxide include hair lightening and bleaching,
peroxide mouthwash, cleaning wounds and even as a food supplement[6]. These
legitimate uses result in additives being present in the hydrogen peroxide solution,
and the concentration of the hydrogen peroxide varying depending upon the use. It
is possible that the inclusion of such additives may be exploited to provide the
opportunity for brand specificity of hydrogen peroxide samples using spectroscopic
analysis. ldentifying an unknown source as a particular brand could aid the

intelligence gathering against a suspected bomb maker.
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As the majority of the hydrogen peroxide available is in relatively low
concentrations, solutions are often concentrated prior to their use in the
production of, for example, TATP and HMTD or in attempts to reach a concentration
where the hydrogen peroxide itself was explosive. As a consequence the detection
of attempts to concentrate hydrogen peroxide is of a critical interest. Furthermore,
having an ability to detect modified hydrogen peroxide solutions and potentially link
these back to a particular brand of unmodified commercial products could have
significant strategic and intelligence value. A key example of this is the investigation
into the failed bombings on 21° July 2005, where the argument for the defence was
that the hydrogen peroxide had not been concentrated enough to make a viable
explosive mixture, and that this was intentional[7]. The results of the research in
this chapter could have been used in such a context to determine whether
hydrogen peroxide had been concentrated and provide an qualitative assessment of

the level of the concentration.

The analysis and detection of hydrogen peroxide has been the subject of substantial
research. The presence of hydrogen peroxide is significant in many biological
areas[8], as well as its use in more commercial settings as a sterilising agent[9, 10],
this has resulted in the development of sensors aimed at detection of hydrogen
peroxide in these settings primarily using three techniques, electrochemical
detection[8, 9, 11-18], chemiluminescent detection[19-22] and spectrophotomic
detection[23, 24]. High performance liquid chromatography has also been used[25]
but this is less commonplace as a major feature required by many of the sensors is

portability.

Some research into the analysis of hydrogen peroxide using infrared spectroscopy
has been carried out[26, 27], including some work into vapour phase analysis[10],
however the resolution of the equipment used has been relatively low and the
hydrogen peroxide analysed in the vapour phase was laboratory grade. The use of

QCLs for the detection of hydrogen peroxide has been researched, with two
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wavelength regions (1274 and 1285 cm™) identified as being suitable for
detection[28].

The premise of this experiment was to utilise high resolution FTIR to determine
whether discrimination between different brands of hydrogen peroxide based
materials was possible when analysing samples in the vapour phase, and
furthermore whether it was possible to identify if a sample had been adulterated

through concentration.

6.2 Materials

Five hydrogen peroxide containing materials were selected for the initial analysis
along with laboratory grade hydrogen peroxide. The concentrations and source of
purchase for each of the materials is given in table 6.1. Further information on the

additives for each of the materials can be found in appendix 3.

Table 6.1 Peroxide concentration and source information for the hydrogen peroxide containing

materials

Name Hydrogen peroxide Source

concentration (v/v)
Laboratory grade Hydrogen 50 Sigma Aldrich
peroxide UK
Jerome Russell Cream Peroxide | 9 Boots
Health Leads Food Grade 35 Health Leads UK
Peroxide
Colgate Peroxyl Mouthwash 1.5 Boots
Sunin Lightening Spray 6 Boots
Botanics Not stated Boots

The samples were contained within the sample cell in aluminium dishes purchased

from Sigma Aldrich UK.

Two of the brands, Health Leads food grade peroxide (from this point referred to as
Health Leads) and Sunin lightening spray (from this point referred to as Sunin), were

selected for concentration and further analysis.
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6.3 Experimental protocol
6.3.1 Visual and statistical analysis of un-concentrated samples

The analysis of hydrogen peroxide as a compound of interest had demonstrated
that the temperature for each analysis should be set at 75°C. Six 100 pL samples of
each brand and the laboratory grade material were analysed at this temperature.
The six repeats were used to create an average spectrum for a visual comparison

with the six average spectra overlaid.

Following the visual comparison of the average spectra, regions of variation were
identified. The data from these regions was separated out from the rest of each
spectrum for both the average spectra and the individual repeats. The
transmittance values for each region were then ‘binned’ to produce a total
transmittance value for each analysis or average spectrum for each sample. The
total transmittance values were plotted to produce a profile of variables and input

into Minitab (version 16) and Viscovery SOMine (4.0.2) for statistical analysis.

6.3.2 Concentrated samples
6.3.2.1 Concentration of samples

The concentration of the two brands (Health Leads and Sunin) followed the
stepwise process detailed in table 6.2. The temperature was closely monitored to
ensure that the liquid did not boil at any point, and heating took place in a

combustion-modified fumehood.
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Table 6.2 Protocol for the concentration of hydrogen peroxide containing materials

Step

Action

From start volume of 900 mL 100mL removed for titration and 6 mL for FTS analysis
(T=0)

Remaining peroxide heated for one hour at 50-60°C

100 mL removed for titration and 6 mL for FTS analysis (T=1)

Remaining peroxide heated for one hour (two hours total) at 50-60°C

100 mL removed for titration and 6 mL for FTS analysis (T=2)

Remaining peroxide heated for one hour (three hours total) at 50-60°C

100 mL removed for titration and 6 mL for FTS analysis (T=3)

Remaining peroxide heated for one hour (four hours total) at 50-60°C

OO N O N|_IW|IN

100 mL removed for titration and 6 mL for FTS analysis (T=4)

=
o

Remaining peroxide heated for one hour (five hours total) at 50-60°C

[uny
[y

100 mL removed for titration and 6 mL for FTS analysis (T=5)

The samples were kept refrigerated until the time of analysis to reduce any

decomposition of the hydrogen peroxide.

6.3.2.2 Titration of samples

The samples were titrated to determine the concentration of hydrogen peroxide at

each temperature interval. The titration used was adapted from Vogel’s Textbook of

Quantitative Chemical Analysis[29] and followed the stepwise process shown in

table 6.3 for the Sunin samples and table 6.4 for the Health Leads samples, due to

the higher concentration requiring an alteration to the method to reduce the

volume of potassium permanganate needed for the analysis.

Table 6.3 Titration protocol for the Sunin samples

Step | Action

1 10 mL of sample made up to 500 mL with distilled water and mixed thoroughly

2 25 mL of solution pipetted to a conical flask and mixed with 200 mL distilled water

3 20 mL dilute sulfuric acid (1:5) added to the flask and mixed thoroughly

4 Solution titrated with 0.02M potassium permanganate to the first permanent faint
pink colour

5 Repeated until two concordant results obtained
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Table 6.4 Titration protocol for the Health Leads samples

Step | Action

1 5 mL of sample made up to 500 mL with distilled water and mixed thoroughly

2 10 mL of solution pipetted to a conical flask and mixed with 200 mL distilled water

3 20 mL dilute sulfuric acid (1:5) added to the flask and mixed thoroughly

4 Solution titrated with 0.02M potassium permanganate to the first permanent faint
pink colour

5 Repeated until two concordant results obtained

The results of the titration were used to calculate the percentage hydrogen
peroxide concentration of the two brands at each temperature interval. Full details

of the calculation can be found in appendix 4.

6.3.2.3 FTS and statistical analysis

The concentrated samples were analysed following the same method as the un-
concentrated samples, with 100 uL analysed at 75°C repeated six times to produce
an average. The data was also handled in the same manner with the transmittance
data extracted for the regions of variation identified with the un-concentrated
samples and the total transmittance values calculated from this data. The total
transmittance values were then analysed using hierarchical cluster analysis and

SOFM to determine the levels of similarity between the data sets.
6.4 Results and discussion
6.4.1 Un-concentrated hydrogen peroxide samples

6.4.1.1 Visual analysis

Figure 6.1 shows the spectra for the individual repeats of laboratory grade
hydrogen peroxide, and table 6.5 shows the breakdown of the data for these six
repeats including the mean, standard deviations and RSD values for the regions of

interest identified when comparing the six hydrogen peroxide based samples.
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Figure 6.1 Six overlaid spectra of the six repeat analyses of hydrogen peroxide

The RSD values demonstrate that, while there is some variation between the
different repeats, it is minimal with none of the RSD values above 5%. This indicates

that the results are reproducible.

175



Table 6.5 Breakdown of the data from six repeats of laboratory grade hydrogen peroxide with total

transmittance values, average, standard deviation and RSD

?cenf!?)n H,0,1 H,0,2 H,0,3 H,0,4 H,0,5 H,0, 6 Average St dev RSD

800-820 663.08 661.87 662.92 661.87 661.44 661.85 662.17 0.61 0.09
860-920 1999.44 2004.69 2003.61 2006.43 2005.72 2007.55 2004.57 2.61 0.13
930-1000 2336.83 2345.87 2344.67 2348.80 2348.69 2351.35 2346.04 4.65 0.20
1020-1100 2672.17 2686.35 2685.48 2690.54 2690.87 2694.05 2686.58 7.06 0.26
1106-1110 134.74 135.41 135.44 135.68 135.70 135.84 135.47 0.36 0.26
1220-1330 3419.10 3382.83 3439.98 3338.28 3371.78 3335.36 3381.22 38.57 1.14
1230-1255 771.79 764.37 778.81 753.21 762.75 753.77 764.12 9.15 1.20
1250-1265 464.23 459.64 468.34 453.24 458.85 453.57 459.64 5.40 1.18
1265-1275 309.95 306.67 312.74 302.74 306.35 302.89 306.89 3.59 1.17
1270-1290 457.83 451.92 461.93 444.36 450.69 444.50 451.87 6.44 1.43
1290-1320 927.29 915.39 932.99 902.99 912.14 901.36 915.36 11.64 1.27
1320-1325 162.84 161.06 161.74 159.62 159.59 158.61 160.58 1.44 0.90
1330-1370 1255.91 1154.44 1152.58 1120.93 1103.16 1081.06 1144.68 56.07 4.90
2655-2665 335.26 337.71 338.19 338.83 339.32 339.86 338.19 1.49 0.44
2665-2670 168.05 169.29 169.53 169.83 170.08 170.34 169.52 0.74 0.44
2675-2680 166.89 168.12 168.36 168.61 168.90 169.14 168.34 0.73 0.43
2850-3050 6701.03 6760.21 6770.79 6791.95 6800.15 6815.70 6773.30 37.12 0.55
3100-3450 11643.50 | 11651.09 | 11653.35 | 11647.41 | 11641.16 | 11637.77 | 11645.71 5.46 0.05
3710-3790 2366.28 2294.11 2425.11 2333.13 2363.57 2338.80 2353.50 39.90 1.70

The visual analysis revealed that there were some differences that could be seen

between the average spectra for the six samples. Figure 6.2 shows the spectra

overlaid, while figure 6.3 shows a close up of the region of absorption identified as

containing two potential targets for hydrogen peroxide with QCLs (located at 1274

and 1285 cm™). In total 19 regions were identified as regions of variation and the

wavelengths of these regions are presented in table 6.6.
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Table 6.6 Regions of variation identified from visual examination of the average overlaid spectra of
hydrogen peroxide containing materials

Region of variation
800-820 1250-1265 2665-2670
860-920 1265-1275 2675-2680
930-1000 1275-1290 2850-3050
1020-1100 1290-1320 3100-3450
1106-1110 1320-1325 3710-3790
1220-1330 1330-1370
1230-1255 2655-2665

The Colgate peroxyl mouthwash in particular showed several differences from the
other spectra. This is due to the alcohol content of the mouthwash, with absorption

bands present that were also present in the spectra of alcohols.

In general, across the brands, the visual comparison of the region of absorption
containing the detection targets suggested that the concentration of the hydrogen
peroxide had a substantial effect on the absorption bands, with some bands not
visible for brands with very low concentrations. This could be a significant factor for
the detection of hydrogen peroxide either as a precursor, explosive material or

breakdown product of a peroxide based explosive.
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Figure 6.3 Close up of the spectral region covering the two existing hydrogen peroxide QCL detection
targets (1274 and 1285 cm™) for hydrogen peroxide (aqua), Health Leads (green), Jerome Russell
(grey), Colgate mouthwash (black), Sunin (khaki) and Botanics (orange)

6.4.1.2 Statistical analysis

The total transmittance values for each region were calculated and plotted to give a
profile of variables, shown in figure 6.4. In addition to this the RSD values for the 19
regions of variation for each of the hydrogen peroxide based materials was
calculated. The results are presented in table 6.7 and demonstrate that overall the
variability of the data was very low with only three RSD values above 5% out of the
114 calculated (3%) and all three of these values were for the same region (3710-
3790 cm™). The average RSD values for each brand were calculated (n=19) and none

of these values were above 5%, this suggests that the data is reproducible.
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Figure 6.4 Profile of variables for the laboratory hydrogen peroxide and hydrogen peroxide containing materials
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Table 6.7 RSD values for the six materials analysed with those RSD values above 5% shown in red

Region Health Jerome Laboratory
(em™) Botanics | Colgate | Leads Russell Sunin H,0,

800-820 0.06 0.26 0.34 0.32 0.43 0.09
860-920 0.03 0.34 0.50 0.34 0.23 0.13
930-1000 0.06 0.29 0.71 0.37 0.20 0.20
1020-1100 0.07 0.93 0.88 0.42 0.27 0.26
1106-1110 0.07 0.49 0.89 0.39 0.27 0.26
1220-1330 0.63 0.46 0.42 1.18 0.96 1.14
1230-1255 0.44 0.32 0.41 1.41 1.02 1.20
1250-1265 0.50 0.36 0.42 1.35 1.01 1.18
1265-1275 0.77 0.59 0.42 1.28 1.07 1.17
1270-1290 0.70 0.42 0.40 1.51 1.20 1.43
1290-1320 1.01 0.83 0.40 1.27 1.09 1.27
1320-1325 0.73 0.63 0.63 0.60 0.53 0.90
1330-1370 2.29 2.40 0.53 2.19 0.83 4.90
2655-2665 0.18 0.45 1.53 0.65 0.59 0.44
2665-2670 0.18 0.45 1.54 0.67 0.59 0.44
2675-2680 0.18 0.44 1.53 0.69 0.59 0.43
2850-3050 0.20 0.81 1.71 0.64 0.70 0.55
3100-3450 0.34 0.18 0.46 0.20 0.63 0.05
3710-3790 6.99 7.14 0.71 6.64 2.34 1.70
Average 0.81 0.94 0.76 1.16 0.76 0.93

6.4.1.2.1 Hierarchical cluster analysis

The data from the individual repeats of each material were input into Minitab and
the dendrogram produced with this data is presented in figure 6.5. The individual
repeat measurements of each brand and the laboratory grade material clustered
together with only a small amount of overlap, however, taking several repeats to
produce an average spectrum would be advised to reduce any within brand

measurement variation.
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Figure 6.5 Dendrogram produced using the data from individual repeats of each material analysed



The data from the average values was also analysed and is shown in figure 6.6. The
Health Leads hydrogen peroxide is shown to be the most similar to the laboratory
grade peroxide. This is unsurprising as these materials are the closest in hydrogen
peroxide concentration and the Health Leads solution contains very few other

impurities that would be likely to have an effect on the infrared spectrum.

The Botanics and Sunin products also appear similar. This is perhaps more surprising
as the Botanics is a cream while the Sunin is a liquid. However, as the hydrogen
peroxide concentration of the Botanics is not known it is possible that the hydrogen
peroxide concentrations of the two materials are very similar. Colgate peroxyl
mouthwash was shown to be the least similar to the other peroxide containing

materials. This was expected as it had the most different spectrum.

Overall the results indicate that it is possible to discriminate between different

brands of hydrogen peroxide containing products based on their infrared spectra.

Dendrogram
Single Linkage, Euclidean Distance
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E |
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100.00
H202 Health Leads Jerome russell Botanics Sunin Colgate
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Figure 6.6 Dendrogram produced using the average values for the hydrogen peroxide containing
materials
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6.4.1.2.2 Self organising feature maps

The data was subsequently analysed using SOFM. Figure 6.7 presents the cluster
map for the data from the individual repeats (n=6) for each material. This cluster
map corresponds to the individual values dendrogram where the majority of the
repeat analyses for each material have clustered together. The two exceptions to
this clustering are a repeat of Sunin (Sunin 1) which has clustered with the Botanics
repeats and a repeat of the laboratory hydrogen peroxide (Hydrogen peroxide 1)
which has clustered with the Health Leads repeats. This correlates with the
dendrogram where Sunin 1 showed similarities to both Botanics and Sunin clusters,
and Hydrogen peroxide 1 was the least similar of the laboratory peroxide repeats.
As a whole the laboratory peroxide repeats showed the greatest similarity to the

Health Leads repeats compared to the other materials.

It is also worth noting the shading within some of the clusters. For example Botanics
1 is shaded darker than the rest of the Botanics cluster, this corresponds to the
dendrogram where Botanics 1 is less similar than the other Botanics repeats. The
Sunin repeat (Sunin 1) that is also found in this cluster also has darker shading,
which corresponds to the fact that it is less similar to the other repeats present in
this cluster, similarly the hydrogen peroxide repeat that has clustered with the
Health Leads repeats (Hydrogen peroxide 1) has dark shading. Colgate 1 which
demonstrated a lower level of similarity to the rest of the Colgate cluster in the
dendrogram is also shaded darker than the rest of the Colgate cluster in the cluster

map.
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Figure 6.7 Cluster map for the individual repeats for each hydrogen peroxide containing material

Figure 6.8 reveals the cluster map for the average values (n=6) of the different
materials where it can be seen that the six material have been separated
completely. Figures 6.9 — 6.10 show the component maps for the average spectral

data.

Hydrogen peroxide
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Colgate Botanics

C
C
\E

Figure 6.8 Cluster map for the average values for the six hydrogen peroxide based materials analysed
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Figure 6.9 Component maps covering the regions of variation between 800-2670 cm™”
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Figure 6.10 Component maps for the regions of variation between 2675 — 3790 cm’

The component maps reveal that virtually all of the features show variation
between the different brands, without being strong discriminators for a single
brand. This indicates that a combination of regions is required for discrimination
and a reduction in the number of regions might not be successful in maintaining the
discriminating power. The components maps also correspond to the information
seen in the cluster maps and the HCA analysis, Sunin and Botanics show multiple

similarities as do Health Leads and the laboratory hydrogen peroxide.

Figure 6.11 shows the overlaid spectra for the region 1250-1265 cm™, figure 6.12
shows the profile of variables for while figure 6.13 presents the corresponding
component map. The component map demonstrates that this feature is not a
strong discriminator for a single brand(which would appear as one red cluster and
all others appearing blue) but shows separation across the brands with five out of
the six materials shaded differently. In this way this component can be seen to have
discrimination across the brands, but also emphasises the need to have multiple
components in order to build up the ability to discriminate between very similar

materials.
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Figure 6.11 demonstrates that this region has several small differences in
absorption features seen, with variance in the size of an oscillating pattern seen, as
well as different amounts of absorption for the small peak observed. The absorption
seen in this region is thought to be due to O-H asymmetric bending. Figure 6.13
demonstrates that with SOFM even small differences can result in discrimination,
this is an advantage of SOFM that has previously been described when

characterising ignitable liquids[30, 31].
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Figure 6.11 Overlaid spectra for the six hydrogen peroxide brands in the region 1250-1265 em’®

(plotted in Microsoft Excel)
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6.4.2 Concentrated samples
6.4.2.1 Sunin

The increase in hydrogen peroxide concentration as the solution was heated over
time for the Sunin sample is presented in figure 6.14. The starting concentration
was approximately 7% hydrogen peroxide and the different concentrations are

presented in table 6.8.
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Figure 6.14 Graph showing the calculated concentration of hydrogen peroxide in Sunin at each time
interval

Table 6.8 Summary of time intervals

Time interval | Description Concentration (%

(hours) Hydrogen peroxide)

T=0 Un-concentrated 7.4
sample

T=1 Sample heated for 1 7.7
hour

T=2 Sample heated for 2 8.0
hours

T=3 Sample heated for 3 8.4
hours

T=4 Sample heated for 4 9.0
hours

T=5 Sample heated for 5 10.1
hours

Figure 6.15 shows the average spectra for each time interval, with figure 6.15
showing a close up of the spectral region containing two detection targets (1274
and 1285 cm™) for hydrogen peroxide. It can be observed that as the concentration
of the Sunin increases (as the time interval increases) the size of the oscillating

pattern in this region also increases.
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Figure 6.15 Overlaid average spectra for 50% laboratory grade with hydrogen peroxide (red) and
Sunin T=0 (black), T=1 (khaki), T=2 (blue), T=3 (grey), T=4 (purple), T=5 (navy)
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with 50% laboratory grade hydrogen peroxide (red) and Sunin T=0 (black), T=1 (khaki), T=2 (blue),
T=3 (grey), T=4 (purple), T=5 (navy) overlaid
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6.4.2.1.1 Hierarchical cluster analysis

The same 19 regions of variation as the un-concentrated samples were used for
data analysis. Figure 6.17 shows the dendrogram produced with the individual
repeats for each time interval, while figure 6.18 shows the dendrogram produced

with the average values.
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Figure 6.18 Dendrogram produced using the average total transmittance data from each of the
concentration time intervals for Sunin

Figure 6.17 shows that while the individual repeats do cluster to a degree there is
still overlap across the individual samples across the different time intervals. Figure
6.18 demonstrates that with average values this overlap was resolved. Therefore, it
is best to produce an average spectrum for comparison. Figure 6.18 shows that T=0
showed the greatest level of variation to the others. However, a degree of
discrimination could be seen for all of the time intervals. This suggests that it is

possible to monitor the degree of concentration spectroscopically.
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6.4.2.1.2 Self organising feature maps

The data was also analysed using SOFM and the cluster map for the individual
repeats for each time interval for the Sunin samples is presented in figure 6.19. This
correlates well with the results of the HCA which showed that there was overlap
between the different time intervals. T=4 repeat d has formed a cluster on its own,
corresponding to the dendrogram which also has this repeat on its own. The six T=5
repeats have clustered together but also with two of the T=4 repeats (e and f),

which again replicates the findings of the HCA.

Figure 6.19 Cluster map for the individual repeats for each time interval (T=0 to T=5) for Sunin

A trend can be seen across the repeats with the lowest concentrations found
towards the bottom of the map and then moving upwards and counter-clockwise to
the top left hand corner as the concentration increases. The clustering of the
samples also improves across this trend. This suggests that as the sample becomes
more concentrated the likelihood for the sample to form a discrete cluster
increases. This is significant as the concentrations of an adulterated sample would

be expected to be high.

195



The results shown in figure 6.19 confirm the findings of the HCA analysis that an
average value for each time interval would be required for the effective
discrimination of the different time intervals. Figure 6.20 presents the cluster map
for the average Sunin values for the six time intervals and corresponding
concentrations. As with the individual values, a trend can be seen with the clusters

moving counter-clockwise as the concentration increases.
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Figure 6.20 Cluster map for the average values of the six time intervals (T=0 to T=5) for Sunin

6.4.2.2 Health Leads

The starting concentration determined from the titration of the Health Leads
sample was almost 10% higher than the concentration stated on the bottle. It was
believed that the reason for this was the alterations to the titration method
resulting in a greater relative volume of sulfuric acid to hydrogen peroxide. In order
to confirm this, a known concentration of hydrogen peroxide (40%) was analysed
using the same method and the calculated concentration was also seen to be higher
than the known concentration by approximately 10%. As a consequence the
concentration values were adjusted for this overestimation and are presented in
figure 6.21. Table 6.9 presents a summary of the time intervals and adjusted

concentrations.
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Figure 6.21 Graph showing the calculated concentrations of hydrogen peroxide in Health Leads at
each time interval and the corresponding adjusted concentration values

Table 6.9 Summary of time intervals and adjusted concentrations

Time interval | Description Adjusted
(hours) Concentration (%
Hydrogen peroxide)

T=0 Un-concentrated 35
sample

T=1 Sample heated for 1 35.9
hour

T=2 Sample heated for 2 36.9
hours

T=3 Sample heated for 3 40
hours

T=4 Sample heated for 4 40.8
hours

T=5 Sample heated for 5 46.4
hours

The starting concentration for the Health Leads was considerably higher than the
Sunin and the increase in hydrogen peroxide concentration achieved over time was

also higher.

Figure 6.22 shows the six average spectra overlaid, while figure 6.23 shows a close
up of the spectral region containing two targets for QCL detection (1274 and 1285
cm™). It can be seen that as the concentration increased the size of the absorption

bands in this region also increased.
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Figure 6.22 Overlaid average spectra of 50% laboratory grade hydrogen peroxide (red) and Health
Leads T=0 (pink), T=1 (brown), T=2 (khaki), T=3 (purple), T=4 (navy), T=5 (green)
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Figure 6.23 Close up of the spectral region containing the two detection targets for hydrogen
peroxide with 50% laboratory grade hydrogen peroxide (red) and Health Leads T= 0 (pink), T=1
(brown), T=2 (khaki), T=3 (purple), T=4 (navy), T=5 (green) overlaid
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6.4.2.2.1 Hierarchical cluster analysis

The dendrogram produced using the data from the individual repeats of each
concentrated sample at each time interval is presented in figure 6.24. This shows
that when examining the individual repeats there is some overlap between the time
intervals. This is to be expected as it had been seen with the majority of other
compounds analysed. Once again these results demonstrate that in order for
discrimination to be possible several repeats should be taken and used to produce

an average spectrum.
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Figure 6.24 Dendrogram produced using the total transmittance data from the individual repeats
from each concentration time interval

Figure 6.25 shows the dendrogram produced using the average values derived from
the spectra produced for each time interval. As with the Sunin, T=0 is show to be
the least similar to the other time intervals. The dendrogram shows that it is

possible to discriminate between the six different time intervals. The discrimination
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of the higher concentrated samples appears more pronounced than that observed
within the Sunin samples with a threshold of approximately 40% hydrogen peroxide

concentration (seen at T=3) resulting in greater discrimination.
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Figure 6.25 Dendrogram produced using the average total transmittance data for the Health Leads
concentration time intervals

6.4.2.2.2 Self organising feature maps

The data was also analysed using SOFM. Figure 6.26 reveals the cluster map

produced with the data from the individual repeats for each time interval.

The cluster map demonstrates that the individual repeats, in the same way as the
Sunin individual repeats, show a degree of overlap which correspond to the results
of the HCA analysis. The results also show a similar trend, in that the higher the
concentration the more likely it is to form a discrete cluster. Once again there is also
a trend in the location of the different clusters, this time a clockwise movement is
observed with the lowest concentrations found in the bottom left hand corner and

the highest concentrations found in the bottom right hand corner of the map.
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Figure 6.26 Cluster map for the individual repeats for the six time intervals (T=0 to T=6) for Health

Leads

Figure 6.27 reveals the cluster map for the average values. This map demonstrates
the same clockwise movement through the concentrations seen with the individual

repeats.

Figure 6.27 Cluster map for the average values for the six time intervals (T=0 to T=5) for Health Leads
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6.4.2.3 Sunin and Health Leads comparison

Following the successful discrimination of the different concentrated samples for
each hydrogen peroxide brand, the data from both the Sunin and Health Leads
samples were combined to explore whether or not it was possible to link the
concentrated samples to the appropriate un-concentrated brand from which they
were derived. Based on the results of the analysis of the individual repeats for both
Sunin and Health Leads where some overlap was seen between the concentrations

it was decided to focus the comparison of the two data sets on the average values.

6.4.2.3.1 Hierarchical cluster analysis

The dendrogram produced with the average values for both Sunin and Health Leads
samples is presented in figure 6.28. This convincingly illustrates the discrimination
of the samples by brand, and furthermore that the more concentrated Health leads
samples have also maintained their discrimination from the less concentrated

samples within the grouping.

This is a highly significant result and suggests that spectroscopic analysis can
identify when hydrogen peroxide samples have been modified as well as being able

to distinguish which brand of material has been modified.
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Figure 6.28 Dendrogram produced from a comparison of the total transmittance data for Health
Leads (HL) and Sunin (S)

6.4.2.3.2 Self organising feature maps

The average data was also analysed using SOFM and figure 6.29 shows the cluster
map for the average spectral data. The cluster map reveals that the two materials
cluster separately with no overlap and that within the two main clusters the
different time intervals also separate, although in the case of Sunin T=0 and T=4 this

separation is not quite complete. This corroborates the HCA findings very well.
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Figure 6.29 Cluster map comparing the average data for the six time intervals (T=0 to T=5) for Sunin

(S) and Health Leads (HL) showing the two clusters, and contour lines separating the time intervals

Where SOFM comes into its own is in exposing the contribution that the identified

regions of interest have to discrimination via component maps and these are

presented in figures 6.29 - 6.31.
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Figure 6.30 Component maps for regions of variation between 800-1330 cm™
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Figure 6.31 Component maps for regions of variation between 1230-3790 cm™
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The component maps demonstrate that for some components there is overlap for
the two materials, however in many cases the shading is quite different, showing
the discrimination between the two materials. A particular example of this is the
region 2665-2670 cm™ where, while the Sunin time intervals display a range of
shading toward the red end of the scale, the Health Leads samples are all shaded
blue. The best separation of the two sets of samples is provided in the region 3710-
3790 cm™ Viewing the component maps also confirms that while there isn't a full
separation of T=4 and T=0 for Sunin on the cluster map, several of the components
fully separate the two. For example region 3100-3450 cm™ has T=0 S shaded yellow
while T=4 S is shaded blue. This once again highlights the power of the component
maps to break down the information and observe the underlying trends of the data.
Being in a position to determine which wavenumbers provide the sample
separation provides obvious opportunities for exploitation in relation to the

development of specific single or multi-array stand-off detection systems.

6.5 Conclusions

The results of the hydrogen peroxide study demonstrate that high resolution
Fourier Transform spectroscopy combined with multivariate analysis can be used to
discriminate between different brands of hydrogen peroxide containing products
and that such discrimination require the use of average recorded spectra. This could
provide information to intelligence services when trying to identify such
components and narrow down potential sources. The results also highlighted the
differences that can be seen in the spectra depending upon the additives present
and also the concentration of the hydrogen peroxide within the solution. This could
have an effect of the spectra of any explosive materials such as TATP made from
different brands of hydrogen peroxide product, or on hydrogen peroxide used as an
explosive material in its own right. Any effects on the spectra could have
implications on the detection of the explosive material and therefore this warrants

further investigation.
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The effects of concentrating different brands of hydrogen peroxide products was
also investigated, and it was found that it was possible to discriminate between
different concentrations of the same starting material using the regions of variation
identified for the brand discrimination and multivariate analysis. The results showed
that a material that had been concentrated could be discriminated from the original
product, but also still identified as originating from the original product when
compared with a different brand. This could provide significant information for
intelligence services, through the identification of hydrogen peroxide materials and

the determination that a product had been concentrated.

The results of this research indicate that with further work this technique could
become a very powerful tool for the analysis of hydrogen peroxide as an explosive
precursor. There is the potential to adapt the technique to allow for the linking of

precursors to final explosive products.
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Chapter 7. Conclusions and Future
Work

7.1 Summary

The overall aim of this work was to explore the application of high resolution
Fourier transform infrared spectroscopy on the qualitative characterisation of
specific explosive precursors in the vapour phase. This involved the development of
an experimental methodology for the analysis of laboratory grade explosive
precursor chemicals as well as the application of these methods to the analysis of
operationally relevant commercial precursor materials and their statistical

discrimination.

This project has demonstrated that high resolution Fourier transform spectroscopy
is a very powerful tool for the characterisation of explosive materials and their
precursors. The spectra produced have allowed for the identification of absorption

bands suitable for detection, for example, through the use of a QCL system.

The analysis of diesel determined that temperature had a more substantial effect
upon the amount of absorption seen than the sample volume. Based upon these
results a starting temperature of 27°C for the analysis of the various compounds of
interest was selected with the option to increase the temperature to 75°C if

required for less volatile materials.

The analysis of compounds of interest demonstrated that the protocol developed
from the diesel analysis was fit for purpose. All of the compounds analysed had
detectable absorption bands at 27°C or 75°C, and from the spectra produced it was
possible to determine whether these absorption bands would be suitable for use in
QCL based detection systems. Some suitable absorption bands were observed
outside the regions previously identified as potential detection targets, thereby

demonstrating the importance of analysing a wide spectrum (800-4000 cm™) rather
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than focusing on smaller regions in order to prevent potential detection targets

being overlooked.

Two of the compounds of interest, ammonia and hydrazine, were in solvent. These
solvents had an effect on the spectra of the compounds themselves. Subtraction
software was used to remove the spectrum of each solvent from the spectrum of
the compound of interest and allowed for the identification of potential absorption
targets. In the case of hydrazine, hydrazine hydrate was also analysed as an
alternative to hydrazine without solvent. However, this highlighted the differences
even a slight change in chemical structure can produce, with only some shared
spectral features. Thus it when selecting absorption features for detection it must
be noted that absorption features may be altered or shifted depending upon other

materials present.

Two different types of absorption bands were seen within the target regions for the
compounds of interest. While in the majority of regions the absorption bands were
discrete peaks, an oscillating pattern could also be identified in some regions,
notably in the spectra for hydrogen peroxide and nitric acid. It was found that there
was some discrepancy between the predicted wavenumber for an absorption band
and the actual wavenumber seen in the spectra, with a shift of 1 cm frequently
observed. This was thought to be primarily due to instrumentation differences, and
differences between the spectra produced with vapour analysis compared to direct
analysis of liquid materials. These differences highlight the importance of creating a
database for a particular instrument rather than relying on published information.
This requirement was also evident when analysing ethanol as there were absorption
bands present in the spectra that initially could not be seen in available reference
spectra. This was found to be due to the majority of reference spectra being from
direct analysis of the liquid rather than an analysis of ethanol vapour. A reference
spectrum of the vapour analysis of ethanol did have the absorption bands present,
although as with the other compounds of interest there was a small shift in the

wavenumbers, most likely due to differences in instrumentation.
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The analysis of methanol and ethanol as compounds of interest highlighted the
ability of the FTS instrument to differentiate between chemically similar

compounds.

The spectral and statistical analysis of acetone and acetone based nail polish
removers demonstrated that it was possible to differentiate both between different
brands of nail polish removers and between these and laboratory grade acetone.
Similarly, the spectral and statistical analysis of alcohol containing materials and
laboratory grade ethanol, methanol and propanol demonstrated that it is possible
to differentiate between them. Furthermore it was determined that when analysing
drinkable spirits, such as vodka and gin, the type of spirit had more of an effect on

the level of discrimination than the alcohol concentration.

Laboratory hydrogen peroxide and hydrogen peroxide containing materials were
also analysed. Two hydrogen peroxide containing materials were also systematically
concentrated and their resultant spectra analysed to assess whether firstly, the
different concentrations could be discriminated and secondly, whether the
concentrated samples could be linked to the brand from which they were derived.
The results obtained demonstrated that it was possible to discriminate between
different commercially available hydrogen peroxide and laboratory grade material.
Furthermore it was possible to discriminate between different concentrations of
the same material, whilst still identifying the originating brand. This is a highly
significant result and potentially facilitates not only the identification of material
containing hydrogen peroxide by brand but also a mechanism by which alterations

of the material can be identified in the vapour phase.

The results of the brand discrimination studies demonstrated the value of HCA and
SOFM as statistical techniques for the analysis of multivariate data. In particular the
use of component maps with SOFM allowed for a greater understanding of the

data.

The results of this research demonstrated the potential for high resolution FTIR with

HCA and SOFM to become a powerful technique in the investigation of explosives
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related crime. Firstly, providing the ability to characterise materials to allow for
their detection. Secondly, the ability to identify an unknown precursor material, and
then to determine whether that material has been concentrated from its original
state. Finally, with some adaptation it is possible for this technique to contribute

towards the linking of precursors to explosive materials.

7.2 Future work

The work completed thus far has confirmed the suitability of high resolution FTIR
for the characterisation and discrimination of explosive precursor materials. There
are a number of avenues of future work that can readily be identified as a

consequence of this research.

7.2.1 Compounds of interest

The protocol developed in this project should be used to continue the analysis of
liquid explosive materials and precursors. The database produced would allow for
the identification of potential detection targets, and for the identification of
unknown samples through comparison with the known samples. Such a database

could have uses for both the detection and intelligence communities.

Further investigation could be carried out on those compounds, such as
nitromethane, which had two peaks within a single ‘spectral window’. This work
would involve determining how best to exploit the presence of two absorption
peaks to enable more accurate detection and identification of a material. Work
could also be carried out to determine if a single laser can detect more than one
material if the absorption bands are slightly apart or if one takes the form of a
discrete peak and the other an oscillating pattern. In addition to this, work could be
carried out to develop more accurate identification of a material using absorption
information from multiple lasers. For example this could be utilised to aid the
identification of hydrazine hydrate and the differentiation of it from ammonia and
hydrazine by using a combination of the absorption features seen at two
wavenumbers. If absorption was present at both wavenumbers then the material

present would be hydrazine hydrate, if absorption was only present at one
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wavenumber then the material would be either hydrazine or ammonia depending

upon the location of the absorption.

Future work should also involve the continued identification of suitable regions of

detection as different QCLs become available.
7.2.1.1 Solid samples

Another avenue of future work would be to develop a protocol for the analysis of
solid explosive materials, and solid precursors. This is important as many potentially
explosive materials are found in solid form. However, this may prove challenging as
the results of this experiment demonstrated that a high temperature is likely to be
necessary in order to evolve sufficient vapour for detection. High temperatures are
likely to produce significant background interference and also may cause safety
concerns as explosive materials can become unstable at high temperatures. One
potential solution to this would be to increase the path length of the sample cell,
thereby increasing the amount of interaction between any vapour produced and
the infrared beam. This method is already employed within the detection portal
(developed by Cascade Technologies), allowing for the detection of hydrogen
peroxide vapour at room temperature, whereas the FTS required the hydrogen
peroxide to be heated. The only disadvantage to increasing the path length, most
likely through the use of a multipass cell, would be that it would require adaptation

of the instrument in order to accommodate it.

7.2.2 Brand discrimination

Further work in this area could be to increase the data sets for hydrogen peroxide
and acetone as only five brands of each material were tested. This would help to
ensure that discrimination was still possible with more brands to compare, although
this has already been demonstrated to a degree with the results of the analysis of
different alcohols. In addition to increasing the data sets, this information could
then be collated in the form of a database. This would allow for the comparison of

unknown materials to identify the compound and also the brand. Any such
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database could also contain information on the effects of altering the brands, for
example, using the work from this project on the concentration of hydrogen

peroxide containing products.

The analysis of further explosive precursor materials could also be carried out and
added to the database. This information would be of use to those investigating
suspected bomb factories, and would also provide information for those developing
detection systems as to how different additives in brands might have an effect on

detection targets for explosive materials.

The work could also be extended to examine the effect of different brands on the
spectra produced from the explosive materials created from the precursors. This
project postulated that some of the differences seen in the spectra of precursors
could have an effect upon the spectra of any explosive materials produced from
these precursors and these effects could, in turn, impact upon the detection of the
explosive materials. This could be examined by producing homemade explosive
materials in the laboratory using a range of brands under the same conditions and
then analysing the products, applying the same visual and statistical techniques
performed in this project. In addition to this, following on from the investigation of
different concentrations of hydrogen peroxide, hydrogen peroxide containing
products could be concentrated to different levels prior to production of the
explosive material and the effect of the peroxide concentration on the spectrum of

the explosive material could be investigated.

7.2.3 Mixtures

Thus far all samples have been analysed separately. Future work could include the
analysis of mixtures, as this is the state in which many explosive materials and
explosive precursor materials are likely to be encountered by security services. The
challenge with this analysis would be to manage the safe handling of potentially

unstable mixtures.
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In addition to this, potential interfering compounds, such as perfumes, hair
products and fizzy drinks could be analysed, both separately but also mixed with
explosive materials. Spectral information on the different interfering compounds
could be added to a database, but more importantly any interfering absorption
within the target regions for explosives detection could be identified and any effects
on the spectra produced of explosive materials mixed with any interferents such as

the shifting or broadening of absorption bands could also be identified.

Further work could also be carried out to determine if there are any differences in
spectra produced when the liquid samples are soaked into clothing material and
other matrices instead of being placed neat into the instrument, as this is another

potential form in which the material might be found in by security services.

7.2.4 Alcohols

The brand discrimination of different alcoholic drinks highlighted the potential uses
of the FTS and statistical analysis developed in this project for work outwith the
field of explosives detection. The detection of additives and significant variation in
concentration in alcohols could allow for the detection of counterfeit materials
through identifying variation in the spectra produced and using statistical analysis

such as the multivariate analysis used in this project.

7.2.5 Statistical analysis

The use of SOFM for the discrimination of different brands of the same material
type demonstrated the power of this technique for the interpretation of
multivariate data. Therefore, there is scope for the refinement of the technique and

its application to other types of multivariate data.

The SOFM component maps could be used to reduce the number of regions of
variation required for discrimination of materials. A reduction in the number of
regions of variation would result in a reduction in the number of lasers required to

target these regions and an increase in the portability of any such detection system.
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7.3 Conclusions

This project has demonstrated the suitability of high resolution Fourier transform
spectroscopy for the vapour phase analysis of explosive precursor materials.
Furthermore, it has revealed that when comparing different brands of a particular
material it is possible to discriminate between them. This has implications for the
detection of both these precursor materials and the explosive materials produced

from them.
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Appendix 1 - Pre-processed acetone
data

The following pages show the pre-processed data for acetone with the square root,

4™ root, 16™ root and 265" root take of the ‘binned’ average data.
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Appendix 2 - Alcohol ingredients

Listed below are the ingredients, as much as was available, based upon the bottle

labels of the shop bought alcohols.

1. Surgical spirit B.P - Boots
90% ethanol w/w, methanol 5% w/w, methyl salicylate, diethyl phthalate,

castor oil

2. Methylated spirit - Barrettine
Methylated spirit, methanol mineralised >50% voc content (MSDS states 60-
100% ethanol, 1-5% methanol, <1% pyridine)

3. Listerine antibacterial mouthwash - Stay white arctic mint
Aqua, alcohol, sorbitol, poloxamer 407, benzoic acid, zinc chloride,
eucalyptol, methyl salicylate, thymol, sodium benzoate, methanol,

sucralose, aroma, sodium saccharin, Cl 42090

4. Tesco everyday value mouthwash
Aqua, alcohol, glycerin, polysorbate 20, aroma, cetylpyridinium chloride,
sodium fluoride, sodium saccharin, sodium benzoate, menthol, Cl 42051, CI

19140

5. Colgate peroxyl mouthwash
Hydrogen peroxide, sorbitol, ethanol (9.6% v/v), poloxamer 338, polysorbate
20, methyl salicylate, levo-menthol, sodium saccharin, brilliant blue FCF

(E133) and purified water
6. Bacardi Breezer - 4% by volume

Carbonated water, fermented alcohol, Bacardi Rum, sugar, flavouring, citric

acid, sodium citrate, E440, E445, E444, E202, E223, E950, ES55, E104, E124
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7. Smirnoff vodka 37.5% by volume

8. Absolut vodka 40% by volume

9. Beefeater gin 40% by volume

10. Gordon's gin 37.5% by volume

11. Bacardi rum 37.5% by volume

12. Melocoton 20% by volume

13. Jose Cuervo Tequila 38% volume
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Appendix 3 - Hydrogen peroxide
ingredients

The ingredients and concentrations of the five hydrogen peroxide containing
materials analysed in Chapter 6 are listed below. These ingredients and
concentrations are based upon the information provided on the packaging of each

material.
1. Botanics
Conc. not stated
Developing lotion contains:

Aqua, cetearyl alcohol, hydrogen peroxide, ceteareth-20, phosphoric acid,

tetrasodium EDTA, sodium stannate

2. Colgate peroxyl mouthwash
1.5% w/v
Hydrogen peroxide, sorbitol, ethanol (9.6% v/v), poloxamer 338, polysorbate
20, methyl salicylate, levo-menthol, sodium saccharin, brilliant blue FCF

(E133) and purified water

3. Health Leads:

35% aqueous solution (Hydrogen peroxide food grade material)

4. Jerome Russell:
30 vol 9% (Cream peroxide)
Aqua, hydrogen peroxide, cetyl alcohol, cetearyl alcohol, polysorbate 60,
sodium stannate, phosphoric acid, disodium EDTA, persea gratissima

(avocado) oil, fucus vesiculosus (seaweed) extract
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5. Sunin:
6%
Aqua, hydrogen peroxide, hydroxyethyl cetyldimonium phosphate,
dimethicone PEG-7 phosphate, polysorbate 20, parfum, aloe barbadensis,
calendula officinalis, chamomilla recutita, linum usitatissimum, panthenol,

guaternium-80, silk amino acids, benzoic acid, disodium EDTA
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Appendix 4 - Hydrogen peroxide
concentration calculation

The following calculation was utilised to calculate the concentration of the samples of Sunin
and Health Leads that were concentrated under lab conditions and titrated with potassium

permanganate.

1. Moles of Manganese [Mn] = volume [in L] x concentration = volume [L] x 0.02
2. Moles of H,0, = moles of Mn x 2.5
3. Mass of H,0, = moles x Relative Molecular Mass = moles x 34.0147
4. mL of H,0, = Mass of H,0, [assuming 1mL = 1g]
5. % H,0, = (mL H,0, / total volume) x 100
6. H,0, in the sample [25 mL or 10 mL] transferred to make the total volume =
V1xC1 = V2xC2
Cl=(V2xC2)/ V1
7. H,0, in the original sample [10 mLor 5 mL] =
V1xC1 = V2xC2
Cl=(V2Xc2)/ V1
8. % H,0,=C1x100
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Appendix 5 - Publication

The following pages consist of the conference proceedings paper entitled ‘Exploiting
High Resolution Fourier Transform spectroscopy to inform the development of a
quantum cascade laser based explosives detection system’ that was produced using
work presented in this thesis.
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Exploiting High Resolution Fourier Transform spectroscopy to inform
the development of a quantum cascade laser based explosives detection
system

Felicity Carlysle**, Niamh Nic Daeid®, Erwan Normand®, Michael McCulloch”
*Centre for Forensic Science, University of Strathclyde, 204 George St, Glasgow, G1 1XW, UK
°Cascade Technologies, Glendevon House, Castle Business Park, Stirling, FK9 4TZ
*felicity.carlysle@strath.ac.uk

ABSTRACT

Fourier Transform infrared spectroscopy (FTIR) is regularly used in forensic analysis, however the application of high
resolution Fourier Transform infrared spectroscopy for the detection of explosive materials and explosive precursors has
not been fully explored. This project aimed to develop systematically a protocol for the analysis of explosives and
precursors using Fourier Transform infrared spectroscopy and basic data analysis to enable the further development of a
quantum cascade laser (QCL) based airport detection system. This paper details the development of the protocol and
results of the initial analysis of compounds of interest.

Keywords: Infrared spectroscopy, quantum cascade laser, explosives detection, high resolution

1. INTRODUCTION

The ongoing threat of terrorism around the world has resulted in the rapid development of systems capable of detecting
concealed explosive devices. As the terrorist threat evolves, so must the systems designed to detect devices and device
components.. A successful detection system needs to fulfil several criteria, some dependent upon the situation where the
system will be used, but all systems must be accurate and sensitive'.

In order for a system to detect explosive compounds and their precursors successfully, these compounds must first be
characterised in order to determine which identifying features of the compound can be targeted by the system. Not all
identifying features may be suitable for a particular detection system and therefore it is important to select a method of
characterisation that is compatible. This work aimed to characterise compounds through analysis in the mid-infrared
region of the electromagnetic spectrum, thereby making it suitable for detection systems which target mid-infrared
wavelengths. This includes quantum cascade laser based systems such as the airport detection system currently under
development at Cascade Technologies. The detection system from Cascade Technologies is designed to detect vapours
from potential explosive devices present either on passengers themselves or within their hand luggage.

Fourier Transform spectroscopy is already used in many areas of forensic science’. High resolution Fourier Transform
spectroscopy is capable of producing information rich spectra®*, with the increased resolution available allowing for the
visualisation of small spectral features. This makes it a potentially powerful tool for the determination of suitable regions
of a spectrum, for detection with currently available quantum cascade lasers which have a limited 'spectral window' of
approximately 6cm™ .

This project comprised of two stages, firstly the development of a protocol for the analysis of liquid compounds of
interest, and secondly the initial analysis of two compounds of interest. Diesel was selected for the development of the
protocol as it is moderately volatile but easy to work with safely. It would also be expected to produce several regions of
absorption across the mid-infrared due to the large number of different components present in the liquid. The compounds
of interest have been referred to as F1 and F2 for the purposes of this paper. They were selected for analysis both
because of their potential use in explosive devices and because their predicted mid-infrared absorption features occurred
within the ‘spectral windows’ of currently available QCLs. Therefore the analysis of F1 and F2 would serve to test the
suitability of the newly developed protocol and determine whether absorption does occur within these ‘spectral
windows’.
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2. METHODS AND MATERIALS
2.1 Materials
The analysis was carried out using a Bruker IFS/125/HR Fourier Transform spectrometer. The instrument settings were
kept constant throughout the experiment with the exception of the aperture size and pre-amplification gain which were
altered after the diesel analysis from 0.5 mm and gain setting B to 1.0 mm and gain setting A for the analysis of the
compounds of interest. The resolution was set at 0.1 cm™ and 100 scans were taken for each analysis with the spectrum

saved from 4000-800 cm™ (2.5-12.5 um).

Diesel was supplied by the University of Strathclyde and compounds F1 and F2 were purchased from Sigma Aldrich
UK.

2.2 Method

The experiment can be split into two distinct parts; the development of a protocol using diesel, and the initial analysis of
the compounds of interest.

2.2.1 Protocol development

Two factors, sample volume and temperature, were identified as potentially having significant effects on the spectra
produced. Three levels; low, medium and high, were selected for each factor and these are shown in Table 1.

Table 1. The factors involved in the experiment and the levels under investigation

Volume (mL) Temperature (°C)
Low level 0.5 27
Medium level 1 75
High level 3 150

Each combination of the two factors at the three levels was repeated twice resulting in a total of 36 analytical runs to
examine the effects of the two factors on the diesel spectra produced.

2.2.1.1 Experimental procedure

The diesel analysis followed an eight step experimental procedure shown in Table 2. The order of the different
combinations was determined by the fact that the sample cell could not actively cool itself, therefore it was necessary to
start with the low temperature level first. The procedure was repeated twice to provide two repeats for each factor
combination.

Table 2. Eight step experimental procedure used to analyse diesel samples with the different factor combinations
Step Action

1 Background scan taken of empty sample cell at lowest temperature
Analysis of each sample volume level at lowest temperature
Sample cell heated to medium temperature
New background scan taken of empty sample cell at medium temperature
Analysis of each sample volume level at medium temperature
Sample cell heated to high temperature
New background scan taken of empty sample cell at high temperature
Analysis of each sample volume level at high temperature
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2.2.1.2 Data analysis

The diesel spectra were examined visually using the OPUS software provided with the instrument, and this software was
used to calculate average spectra and standard deviations. The data was then transferred to Microsoft Excel to enable
further statistical analysis and closer examination of regions of absorption that had been identified using OPUS.

2.2.1 Analysis of compounds of interest

This work was carried out after the diesel analysis, the results of which directly influenced the experimental procedure
for this section.

2.2.1.1 Experimental procedure

Each compound was analysed six times to produce an average spectrum and ensure that the results were reproducible. A
nine step experimental procedure was followed and this is shown in Table 3.

Table 3. Nine step experimental procedure for analysis of compounds of interest
Step Action
1 Background scan taken of empty sample cell at 27°C
100u1 sample analysed at 27°C
Repeated Step 2 five times to provide a total of six spectra
An average spectrum created and examined for visible absorption features
If absorption features were not clear increase the temperature of the sample cell to 75°C
otherwise proceeded to data analysis
Background scan taken of empty sample cell at 75°C
Six 100ul samples analysed at 75°C
Created an average spectrum of six repeats at 75°C
Data analysis of spectra at 75°C

(S ESN VSR | )
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2.2.1.2 Data analysis

As with the diesel analysis a visual analysis was first carried out of the average spectrum, and standard deviations
calculated using OPUS. The data was then transferred to Microsoft Excel where specific regions of the spectrum were
then further examined using relative standard deviations and graph plotting. These regions corresponded to specific
‘spectral windows’ of available QCLs.

3. RESULTS AND DISCUSSION
3.1 Diesel analysis

Visual examination of the diesel spectra indicated two regions of absorption at approximately 1400 cm™ (7.1 pm) and
2900 cm™ (3.4um). These regions were visible at all three temperature levels with all three sample volumes. Also present
in the spectra were absorptions for water and carbon dioxide. Figure 1 shows a comparison of the average spectra
produced with 0.5 mL of diesel across the three temperature levels. It is clear from these spectra that as the temperature
increases so does the amount of absorption. Figures 2 and 3 are close up views of the regions of absorption taken from
the spectra shown in Figure 1.
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Figure 1. Diesel spectra produced with 0.5 mL diesel at A 27°C, B 75°C and C 150°C showing absorption within the

highlighted regions at 1400 cm™ (2) and 2900 cm™ (1) and the variation in the absorption in these areas across the temperature
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Figure 2. Close up of the absorption seen with 0.5 mL diesel at 2900 cm™ showing the difference across the temperature levels
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Figure 3. Close up of the absorption seen with 0.5 mL diesel at 1400 cm™ showing the difference across the temperature
levels A 27°C, B 75°C and C 150°C
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Calculation of the standard deviation and relative standard deviations across the average spectra at the three temperature
levels showed that as the temperature increases so does the variability of the absorption seen. Therefore the optimum
temperature for maximum absorption is unlikely to be the optimum for producing the most consistent results. In addition
to this, at 150°C the absorption band at 2900 cm™ is near saturation which suggests that this temperature is likely to be
too high for many volatile compounds. While the absorption at 27°C is lower than at 75°C and 150°C it is sufficient to
produce absorption, although in the 1400 cm™ region this is very small. This suggests that 27°C would be a suitable
initial temperature for analysis of compounds of interest, however less volatile compounds may require 75°C in order to
produce clear absorption. This is not hugely surprising as the path length of the sample cell is only 100 mm which
greatly limits the amount of interaction between the vapour and infrared beam, therefore less volatile compounds require
an increased temperature to produce sufficient vapour for detection. While ideally all the analysis of compounds would
be carried out as close to room temperature as this is the temperature at which the QCL system will be working, the QCL
system has a significantly longer path length therefore reducing the temperature required for detection.

While the temperature appeared to have a substantial effect on the absorption seen the sample volume did not have such
an effect with very little difference in the absorption seen across the three levels. Thus, the optimum volume for analysis
of compounds of interest is more dependent on ease of handling rather than volume needed for producing sufficient
vapour for detection. In this respect smaller volumes were easier to handle and given the nature of some potential
compounds of interest smaller amounts would also be favourable from a safety perspective. Therefore 100 uL. would be
a suitable start volume for analysis of compounds of interest, with the potential to increase this volume to 1 mL if a
temperature increase was not sufficient to produce detectable absorption.

3.2 Analysis of compounds of interest
3.2.1 Compound F1

The F1 spectrum as a whole shows several regions of absorption which might be suitable for QCL detection at a later
stage, in particular broader features which might be detectable with a broadband or multi DFB laser system. This
highlights the future use of these initial analyses as the foundation of a knowledge base for future work.

Compound F1 was predicted to have detectable absorption at around 920 cm™ (10.9 pm) and as figure 4 shows this was
found to be the case. Further plotting of the data demonstrated that the main peak was slightly offset from the predicted
wavenumber, however this still falls within the QCL ‘spectral window’ and therefore would not be a significant issue for
detection with a suitable QCL. The presence of a second smaller peak also within the 6 cm™ ‘window’ enhances the
suitability of this feature for detection of Flas both peaks can be detected strengthening the identification.
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Figure 4. Close up of the average spectra produced from six repeats of compound F1 at 27°C showing the two peaks present in the
‘spectral window” of a QCL around 920 cm’!
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The suitability of this feature is further enhanced by the results of calculating the relative standard deviations for the
region across the six repeats. These show that within this region the variation is low, meaning that the feature is highly
reproducible.

3.2.2 Compound F2

Compound F2 was less volatile than F1, and due to the structure of the compound produced a spectrum with multiple
OH bond lines which caused a degree of masking of the feature that this investigation was targeting. It was therefore
deemed necessary to increase the temperature to 75°C in order to increase the size of the absorption feature to allow for it
to be identified, although care had to be taken as the increase in temperature also increased the size of the OH bond lines.
Figure 5 shows a close up of the absorption feature of interest at 75°C. It can be seen that the feature in this region is not
a discrete peak like those seen with F1. Instead, within the ‘spectral windows’ present between 1225 and 1325 cm™ (8.2-
7.5 pum), an oscillating pattern can be seen. This pattern is suitable for detection with a QCL and appears in the regions
that it was predicted to. While the temperature had to be increased in order to visualise properly the two ‘spectral
windows’ using FTIR this will not prevent the detection of F2 at room temperature by the QCL system since, as figure 5
shows, when the region is viewed close up there is no significant interference from OH lines within the ‘spectral
windows’ and, as mentioned previously, the path length of the QCL system is significantly longer allowing for greater
absorption at a lower temperature.

0
=3
o
=]

0
o

90

Ml | el
‘ \ M ‘ Wil ‘ (N
I vl |
I i
il \‘. y 1!

Transmittance [%]
75 80 85

70

65

1400 1350 1300 1250 1200
Wavenumber cm-1

Figure 5. Close up of the average spectrum of F2 at 75°C showing the oscillating pattern seen in the ‘spectral windows’ between
1225 and 1325 cm™

4. CONCLUSIONS

The results of the diesel analysis suggested that high resolution Fourier Transform spectroscopy was suitable for the
characterisation of explosive materials and their precursors. The analysis demonstrated that the conditions for analysis of
compounds of interest would need to be a compromise between the level of absorption and the level of variability. From
this analysis it was possible to develop a protocol for the analysis of compounds of interest with 100 pL sample size and
27°C acting as the start point for any investigation. The diesel analysis also demonstrated that OPUS and Microsoft
Excel were sufficient for the data analysis required for a basic characterisation of a potential ‘spectral window’.

The analysis of compounds F1 and F2 has confirmed that high resolution Fourier Transform spectroscopy is suitable for
the characterisation of explosive materials and their precursors. The results demonstrate that the protocol developed via
the analysis of diesel is appropriate for the analysis of liquid compounds of interest. The spectra produced for both
compounds highlight the different forms of absorption features that are suitable for detection via a QCL. The spectra also
reveal absorption features present that are currently not suitable for QCL detection, but with the development of
broadband lasers could be used as detection targets in the future. The results obtained, in addition to future analysis
utilising the protocol developed, are able to inform directly the development of a QCL based detection system, and also
have the potential to contribute to the knowledge of the wider forensic science community.
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