Chapter 1

Introduction

1.1 Aims and Objectives

The aim of the research work presented in this thessto develop Raman
spectroscopic techniques for the detection of drugs of abuse and explosives in
scenarios of forensic and security relevance.

To achieve this aim,hree main objectivewere addressed he firstis to investigate

the applicability of Raman spectroscopic techniques for the detection and
identification of drugs of abuse and explosives on some biomaterials of forensic
relevanceincluding undyed natural and synthetic fibres and dyed textile specimens,
nail and skinResidues of illicit drugand explosivesn these substratesan provide
useful information.Handling, transportation or 4gackaging of drugs of abuse and
explosiveswill inevitably leave the clothingand other possessions of persons
involvedin these activitiegontaminated with these substancdse nails and skin of

the person may also be contaminated duethte handling of these substances.
Therefore, theletectian of controlled substancesd explosives can be used as pért

the evidence to establish a link between an individual and these substahnees
application of confocal Raman microscopy for thesitu detection and identification

of particulates of seval drugs of abuse and explosives on different substrates
been investigated?ure andéstreeb (formulations seized by the policeamples of
cocaine hydrochloride, MDMA and amphetamine sulphlegee used as examples in
this study. Pure and commercially formulated materials of teeplosives
pentaerythritol tetranitrate (PETN), trinitrotoluene (TNT), and ammonium aitmatl

the explosives precursonexamethylenetetraamine (HMTA) and pentaerythritol have

alsobeenstudied Several prameters havieeeninvestigated during the course of this



study. The ability of the technique to discriminate between the analyte and the
substrate matrix and the sensitivity of this appraheth allows molecular information

to be obtained in conjunctiomith microscopic evaluation of evidential materiats/e

been addressed. The rapidity of confocam@a spectroscopy to obtain datan
important factor for law enforcement agencies and forensic sciendists, he
potential forapplicationasa preliminary forensic screening procedunavealso been
investigated. Furthermore, the advantageous attributes of the technique over other
chemical analytical approaches with regards to the necessity of sample preparation or
pretreatment and the preservation of the integrity of the evidential nhdberfature
analysis have been studied.

The second objective is investigating the applications lnchtop and portable
Raman spectroscopic techniques for ifsitu detection of drugs of abusemely
cocaine hydrochloride, MDMA and amphetamine sulphatclothing impregnated

with these drugs. Raman spectra were obtained from a set of undyed natural and
synthetic fibres and dyed textiles impregnated with these drugs. The spectra were
collected using three Raman spectrometers; one benchtop dispermsotsorsgter
coupled to a fibreptic probe and two portable spectrometers. @pplication of

these techniques to identify drugs of abuse in garments impregnated with these drugs
has been investigated.

The third objective is to evaluate a portable protetiRaman spectrometer (DeltaNu
Advantage 1064) equipped with 1064 nm laser for the analysis of drugs of abuse and
explosives. The feasibility of the instrument for the analysis of the samples both as
neat materials and whilst contained in plastic and gle@stainers has been
investigated. The advantages, disadvantages and the analytical potential in the

forensics arena of this instrument have been discussed.



1.2 Thesis Structure

This thesis is composed of 10 chapters addressing the three objectivesesktrelr

work. The second chapter describes the legislation related to drugs of abuse, the
chemical structure and effects of the commonly abused drugs. It also illustrates the
classification and structure of explosives. The third chapter describes the most
commonly used analytical techniques for the analysis of drugs of abuke an
explosives. Tie advantages, disadvantages and limitations of each techmiyee

been discussedhe theory, principles and instrumentation of Raman spectroscopy has
been discusseth chapter four. Chapter five discusses the application of Raman
spectroscopy for the analysis of drugs of abuse and exploSihepters six to ten
include the experimental work and results of the research work carried out in this
study. Chapter six illustrates detection and identification of drugs of abuse and
explosives on human nailsing Raman pectroscopy The application of confocal
Raman microspectroscopy for tiresitu detection of drugef-abuse and explosives

on clothing has ben addressed in chapter sevEne application of fibreptic Raman
spectroscopy to than-situ identification of drugs of abuse, namely cocaine
hydrochloride, MDMA and amphetamine sulphair,a variety of fibores and textiles
impregnated withthe drugs ha been detailed in chapter eight. Chapter nine
demonstrates these of confocal Raman microspectroscopy fordiiection of drugs

of abuse and explosives on skirhe feasibility of a new prototype portable Raman
spectrometeequipped with 1064nm excitafa for the identification of drugs of abuse

and explosiveshas been discussed in chapter ten. Chapter eleven comprises the

conclusios of this research study and suggestion$uftare work



Chapter 2

Drugs of Abuse and Explosives

2.1 Drugs of Abuse

2.1.1Definition ™2

The ter m 0 ddescgbescahy substance éhat, because of some desirable
effects, is used for a purpose other than therapaation Another definition of the

term is anysubstance for which the possession or supply is restricted by law because
of its potential harmful effect on the user. Such drugs are known as controlled or
schedutd substances and comprise bédit materials (i.e. those manufactured under
licence), tke illicit products of clandestine factories and some natural prodincts.
2000, it was estimated by the World Health Organization (WHO) that there were
about 185 million globalllicit drugs abusers? billion users ofalcohol and 1.3 billion
smokergFigure 21). As a proportion of disease burden, illicit drugs have the greatest
impact in developed countriesWestern and North Europe, North America and

Australia. They have the least impact in Central and Southern Attica.

m Alcohol users (2 billion)
m Tobacco users (1.3 billion

Olllicit drug users ( 185 million)

Figure 2.1 World extent of psychoactivesubstance use (Adapted from Ref3)
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2.1.2 Drug legislationin the UK

In the United Kingdom, drugs of abuse are regulated under the Misuse of Drugs Act
(1971) and the Misuse of Drugs Regulations

2.1.2.1The Misuse of Drugs Act (1971)

The misuse of drugs act (1971) prohibits certain activities with respect to controlled
drugs (e.g. possession, possession with intent to supply, production) without a licence.
The drugs are listed in Schedule 2 of the act are divided into three classetass

A, B and C.These classes regent, in descending ordethe propensity of the
substances to cause social harm. Associated with each class are the maximum
penalties for offences involving controlled drugs, decreasing in severity in the order A
to C. For Class A drugs, the maximum penalty for some offenciés isprisonment,

for Class Band Cis 14 years The list below shows examples of each class:

1 Class A drugs: cocaine ihcluding crack), Nmethyt3,4 methylen
dioxyamphetamine (MDMA, ecstasy), LSOygergic acid diethylamide
mescaline, opium, morphinené some derivatives, phencyclidine, psilocin.
Injectable forms of drugs in Class B.

1 Class B drugs: Amphetamine, methamphetamicennabis, barbiturates,
codeine, dihydrocodeine, methcathinone , and methylphenidate.

1 Class C drugs: Benzodiazepingamma hydoxybutyrate (GHB), ktamine.

The list ofdrugsin Schedule 2 may be varied by a Statutory Instrument known as a
Modification Order. There have been 14 such Orders since 1971, most ofhakieh

served to incorporate changes agreed by member stated bfiteeé Nations.



2.1.2.2The Misuse of Drugs Regulations (Updated 200}

These regulations define those people who are authorisptbdoice, possesand

supply controlled drugsThe drugs are divided into five schedules with decreasing
levels of control over import, export, possessigoroduction, supply and record
keeping.

Schedule 1 These drugs cannot be prescribed, have little therapeutic value and
licences are issued only for research purposes. Only those persons specified in the Act
or licensed by the Home Office may possess or supply these drugs. Scheldudss
include cannabis, cannabinol, cathinone, coca leaf, ecstasy and related drugs, designer
opioids derived from fentanyl, LSD, psilocin, and raw opium.

Schedule 2 Possession ofhiese drugs by a member of the public is only lawful when
acting under the directions of a doctor. For persons that supply them, the drugs are
subject to very strict requirements for storage and documentation. Schedule 2 drugs
include amphetamine, cocaingpioids, gammabutyrolactone (GBL)phencyclidine

and methylphenidate.

Schedule 3 Drugs included in this Schedule are subject to the same regulations as
schedule 2 except that the documentation of supply is less rigorous. Drugs included
are barbiturate buprenorphine, diethylpropion, temazepam, flunitrazepam, and
cathine.

Schedule 4 Drugs included in thischeduleare divided into two parts: Part | which
comprises mostlypenzodiazepinesid and GHBand Part 1l which contains growth
hormones, anabolisteroids, human chorionic gonadotrophines and clenbuterol.
Schedule 5 These are preparations containiregy low concentrations of substances
belonging to schedules 2 and €3g. codeine andethylmorphine Suppliers and

producers must keep transaction relscoftheir dealings.



2.1.3Drug Dependencé® ©

The abuse of drugs can result in psychological desree] which is an inappropriate
compulsion to take the substance regularly. Some drugs can result in physical
dependence and the drug is taken to ntakeuser feel good, or more usually to avoid
withdrawal .Withdrawal reaction comprises a collection of signs and symptoms so it is
known as withdrawal syndrome. It occurs if the chronic use of a drug is stopped
abruptly, if an antagonist is given or ifethlose is reduced suddenlylerance occurs

when repeated administration of a drug eventually produces a reduced effect, such that
larger doses are required to achieve the same response. This may lead a user to take
amounts that would be fatal. The methofl administration of a drug plays an
important part in the speed of onset and intensity of the desired effects. There are three
basic methods by which drugs of abuse are taken: by injection, orally and via the

airways.

1 Injection: Many drugs are commontigken by intravenous injection, including
heroin, cocaine hydrochloride, amphetamine and temazepam. This route
affords rapid access to the circulation and then to the brain, allowing fast onset
of intense psychoactive effect. Intravenous injection may keadeveral
complications such as abscesses, collapsed veins and intrarterial injection may
cause gangrene. This route also carries the risk of contracting infections such
as HIV and hepatitis.

9 Oral administration: Many drugs can be taken orally suchsta¢ LSD and
alcohol. Also, many of the plants and abused medicines are taken by mouth.
Compared to administration by injection or via airways, the psychotropic

effects can take a longer time to develop.



1 Administration via airways: volatile substancemncbe taken by inhalation.
Other compounds need to be heated before inhalation such as heroin, crack
cocaine, cannabis resin and methamphetamine. Tobacco, heroin and cannabis
can be smoked. In addition, dry powders such as amphetamine and cocaine
hydrochloride can be inhaled into the nose (snorting).

At street level no drugs are pure and even prescription medicines contain excipients
A variety of cheap, inert or pharmacologically active adulterants are used to dilute or
bul k o u¢itdrdags imdluding iglicbse, aspirin, paracetamol , caffeine, lidocaine,
mannitol and lactose. In addition to the effects of the drug of abuse, the adulterant
may cause harmful side effec®ontamination of stregireparations ofirugsof abuse

with poisms such asarsenic oxides, strychnine, quinine and hyoscine has been

described "%

2.1.4Drugs of abuse
2.1.4.1 Amphetamines'? *+14

Amphetamine is a synthetic stimulant drug, commonly knowrasspeed, whizz or
uppers. There are a large number of amphetamines which are controlled substances.
Figure @.2) shows the chemical structuod amphetamine anthose ofsome of its
derivatives. Amphetamine is a racemic mixture of dexend levorotatory
amphetaminep-amphetamine is the most active and is the form used therapeutically.
Many of itsderivativeshave beerabused The drug is mixed with a wide variety of
adulterants and diluents such as caffeine, glucose, baby milk andtaleffects of

these substances on the user can be extremely haAniphetamine can be snorted,

taken orally, smoked or injected. Amphetamine can cause breatlfinculties

andthe heartate to increasgupils to widen, appetite to lessen and a reduction in the
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Figure 2.2 Structures of commonly encountered amphetamines

need for sleep. Feelings of increased confidence, talkativeness, cheerfulness and

feeling more alert and energetic can result. Ecstagymsst invariably taken orally

and referredta s a 6cl ub drugé

, because of

i ts |

attend nightclubsMDMA has become one of the main drugs of abuse in many

countries in Northern Europe. Ecstasy abusers seek a state of tranquil euphoria in

which there is a high degree of emotional empathy between associates, greater insight

into personaproblems and an expanded rhea |

t he

perspective.

User s

vaadrvioldnd and aggressive feelings are suppressed. For all amphetamines,

the stimulant effects gradually dissipate and as they begin to wear off, they may be

succeeded by period of restlessness, anxiety, tiredness and depregsmc r a s h 6 ) .

Prolonged amphetamine use can result in psychological dependence. Tolerance may

develop resulting in an increase in the amount needed to achieve the desired effect.
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2.1.4.2 Cocainel* 2 11 13.15]

Cocaine is a central nervous system (CNS) stimulant drug. It occurs naturally in the
leaves of two plants indigenous to South Amerigaythroxylum cocaand
Erythroxylum novogranatensdhe leaves contain about 1% cocaine and can be
chewed as a drug. Coca paste or cocaine can be produced from the leaves of the plant.
Cocaine hydrochloride (known as snow, Coke or C) is a white powder which typically
smells of HCI. This is the commonesirin of the drug used and is often mixed with
various diluents and adulterants. This salt can bsomwerted to the free base form
comprising hard, waxy lumps commonly known é@eck®  anacld 6 Cocaine
hydrochloride can be snorted from a line of whitevder and the drug is absorbed
throughthe mucous membrane of the nose. Alternatively, it can be injected. Cocaine
free base is volatile and can be administered by smoking. Figi8e shows the
chemical structure of cocainbydrochloride and crack coca&nWhen cocaine
hydrochloride isinjected or crack cocaine is smokelde userexperiences a sudden

0 r u s bxbilaration as the drug enters the brain very quickly. This sudden intense
feeling is not a feature of nasal insufflation of the hyHlmgde salt because

absorptionacross the mucousmembrane isrelativelyslow and feeling of euphoria

CHs
(|:H3 Cl-
+ 0 N
HN I COCHs
COCHs
H
H o
@)
H o)
@)
(A) H (B)
Figure 2.3 Structures of  A: Cocaine hydrochloride B: Crack Cocaine
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takes longer to develop. Tmeental effects encountered include feeling of euphoria,
alertness, excitement and rapid flow of thought. Cocaine is a CNS stimulant; it helps
to combat fatigue, increases capacity to do work @mednotescleare thinking and
concentration. Unwanted siddfects include increased irritability, insomnia, and
restlessness. With high doses, the user may exhibit confused and disorganized
behaviour, irritability, fear, paranoia, hallucinations, and may become exyremel
antisocial and aggressive, possibly leading to stroke, heart attack or death. The use of
needles for intravenous injection of cocaine is a possible mode for HIV infection.
2.1.4.3 Opioids/+ 2 11.14.15.16]

This group of drugs are extracted from tdpgum poppy fapaver somniferumnative

to Asia Minor. The opium market continues to be dominated by the large levels of
cultivation and production in Afghanistan. The active drugs can be found in the latex
that exudes from incisions made in the unrippscée of the flowering head. The

alkaloids that occur in the poppy include morphine, noscapine, codeine, papaverine

HsC O
YO

/

o)
@)
N H N
™ che c/lk S CHy
Hs O
A B
Figure 2.4 Structure of A: Morphine B: Diacetylmorphine (Heroin)

and thebaine. Morphinérigure 2.4 A)is responsible for most of the psychotropic
activity and comprise®-17% of the weight of the dried opium. Alkaloids derived
from the opiumpoppy thathave morphindike action are termed opiatesyhereas

synthetic derivatives are termegioids In recent years, the term opioids has been
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understood to encompass opiatégescription opioids that are abused include
morphine, methadone, codeine, diamorphine (heroin), fentangimadol, and
pethidine. Opium is purified to form crude morphine. Diamorphine is pedday the
acetylation of morphine-eroin (Figure2.4B) is the most widely used opioid because
of its potency, availability, anthpid brain access after administratidinis known as
6Junkebo, 0 H 6 ,usualy supplieidosr asbeown oa ofahite powder.In
Gtreeb  p r e p, dtrisagenerally fsund mixed with other substancemcluding
paracetamol, sugar, diazepam and other opioids.
2.1.4.4Benzodiazepines™ % 317!
There are over 30 benzodiazepiiEgure2.5) in common use worldwide and abuse
is restricted largely to pharmaceutical preparations. The inappropriate use of
benzodiazepinells intothreemain categories
1- Overprescribing of hypnotic and adalytic benzodiazepines has resulted in
large numbers of people becoming dependent upon them (benzodiazepine
dependents).
2- Recreational abuse of benzodiazepines on the street by known users of illicit
substances (benzodiazepine abusers).
3- Involuntary administratione.g. use in sedating individuals prior to sexual
assault.
The most commonly abused benzodiazepines are diazepam, nitrazepam,
flunitrazepam, flurazepam and lorazepam. They may be used in conjunction with
heroin or in their own right. Benzodi@pines are obtained by purchase on the black
market or from legitimate receivers of benzodiazepines prescriptions. Flunitrazepam
(Rohypnol) has been used in oO0date rapebo

assaults.
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Figure 2.5 Chemical structures of some benzodiazepines

2.1.4.5Cannabist 2 !

Cannabis refers to a variety of preparations derived from the Indian I@anpabis

sativa The plant is native to India, Bangladesh and Pakistan, but is now much more
widely distributed, mai nly because of me
used, widely cultivated, and extensively trafficked illicit drug. Glandular hairs

called trichomes, which secrete the resin, are abundant in the flowering heads and
surrounding leaves. The major pharmacologically active constituents of the resin are
calledcannabinoids. There are over 60 of these but the most important psychoactive
compound is delt@-tetrehydrocannabinol (THC) [Figur2.6]. The main types of

cannabis sold at therstt levelare:
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Figure 2.6 delta-9-tetrehydrocannabinol (THC)

a Marijuana: This term is more popular in USA and refers to the-gregn
dried andcrushed heads and small leaves of the cannabis plant. It contains up to
5% THC.
b- Hashish:refers to the cannabis resin alone, after removal from the plant. The
term is derived from the Arabic Ohash
pleasure. It is typically brown in colour with a toffelee texture when pure but
the colour may vary accomj to geographical source and purity. Hashish can
contain up to 20% THC.
c- Hash oil: refers to a concentrated resin extract and is the most potent form of
cannabis. It is a greeniddlack viscous liquid and can comprise 60% or more
THC.
Cannabis productgre administered in a number of different ways. The most common
one is mixing with tobacco and smoking. Marijuana herb can be rolled into cigarettes
or mixed with tobacco. Hashish or hash oil is mixed with tobacco prior to rolling the
cigarette. It can atsbe smoked in a special pipe.
2.1.46 Gammahydroxybutyric acid &2 18!
Gammahydroxybutyric acid (Figure.Z) was originally developed as an anaesthetic
and hypnotic drug in the early 1960s. It acts as a CNS depressant and is chemically

related to théorain neurotransmitter gamraninobutyric acid (GABA). The related
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compounds gamma butyrolactone (GBL) and -butanediol are converted to GHB
after ingestion. These compounds are marketed as dietary supplements and solvents.
Thus, an individual who inge these chemicals will experience pharmacological

effectssimilar to those of GHB. GHB is usually supplied as odourless white powder,

HO |
\/\/\
OH

Figure 2.7 Gamma-hydroxybutyric acid (GHB)

capsule tablets or ready dissolved in wate St r eet names of GHB
Ol i quid X066 andHB ik abysed dutoets setladve, yrédaxant and
euphoric properties. It has been used to commit drug facilitated sexual crimes

(DFSA).

2.1.5Cutting agents!*® 3 14

In addition to identifying and quantifying the drug of abuse, the forensic analyst often
must identify the cutting agents added to many drug exhibits. A similar term,
excipients, is used to refer to inactive ingredients in commercegapationse.g.
lactose and mannitolCutting agents are chosen on the basis of their physical or
chemical similarity to the controlled drugs. They are used to stretch the supply of a
drug of abuse and maximize the profits. Diluents are substances that have no
pharmacological properties elgaking soda, starch and sugar. Adulterants are active
substances usually (but not always) have effects similar to the controlled drug. The

taste of a cutting agent is a crude measure of its chemical similarity to the controlled
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drug. For example, cocaing cut with procaine or lidocaine which have similar local
anaesthetic effects. Also, cocaine can be cut with cafféiagy have a stimulant
effect. Contaminants are substances that accidently find their way to the sample

during the extraction, purificatn or transportation processes e.g. arsenic and barium.

2.2 Explosiveg* 1922

An explosive is a material, either a pure single substance or a mixture of substances,
which is capable of producing an explosion by its own energy. The explosive
substances an unstable material that produces an explosion or detonation by means
of a very rapid, selpropagating transformation of the material into more stable
substancesalways with the liberation oheat and the formation of gases. This
transformation isccompanied by loud sound and shock. Explosives can be classified
according to their performance and uses to three classes; primary, secondary and
propellants.

a Primary explosives:

Primary explosives are sensitive to modest stimuli such as heat, spdriction;
applicationof the correct stimlus will lead to a detonatioitheypossesshe ability to
transmit thedetonation to less sensitive explosives. Primary explosives have a high
degree of sensitivity to detonation through shock, friction, etespark or high
temperatures and explode whether they are confined or unconfined. Primary
explosives in common use include lead azide, lead styphnate, potassium
dinitrobenzofurozan, mercury azide, and mercury fulminate.

b- Secondary explosives:

Seconday explosives (also known as high explosives) cannot be detonated readily by

heat or shock and are generally more powerful than primary explo$ivegare less

16



sensitive than primary explosives and can only be initiated to detonation by the shock
producedby the explosion of a primary explosive. Some common military explosives
are shown in Figurg.8.

c- Propellants:

Propellants are combustibgibstancegsontaining within themselves all the oxygen
needed for their combustion. Propellants only burn anchatoexplode; burning
usually proceeds rather violently and is accompanied by a flame or sparks and a

crackling sound, but not by a sharp, loud bang as in the case of detonating explosives.

OH
CH20ONO2 02 NO:2
O2NOCHz—C— CH,ONO>
CH20ONO2 NO2
A: PETN B: Picric Acid
CHs
OzN_N/\N_ NO» O2N NO2
N
ll\lOZ NO:2
C: RDX D: TNT
H3C\N/ NO2
O2N NO2
OzNO/\/\ ONO»
NO:2 ONO:2
E: Tetryt F: Nitroglycerine

Figure 2.8 Some common secondary explosives [Adapted from reference 19].
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Smokeless powders are widely used in gun propellants for small arms and shotguns.
Smokeless powders containimgtrocellulose as the only energetic ingredient are
referred t @ a saesd 0 6 Opsri bepgdsl eth@sa tthat, alsow contain

nitroglycerirear e known-bas e®®d pullpe |l | ant s.

2.2.1 Plastic explosives

Most explosives are powders and do not readily hold a shape. So, plasticizers
are added to make a mouldable material. Plastic explosives contain one or more
of the explosives listed above, moulded in an inert, flexible binder. A wide variety of
plasticizers are added, but the maximum level is usualiyl3% because most
plasticizers are inert and would degradeplosive output. Examples of plastic
explosives are @, Semtex H, and PE4. Because most ofdhexplosives are
sensitive to initiationby impact or friction, they may desensitized by coating with

wax, oil or grease.

2.2.2 Polymer Bonded Explosives

Polymer bonded explosives (PBXs) were developetdetyeasehe sensitivity of the
newly-synthesized explosive crystals by embedding them in a rlilleepolymeric
matrix. PBXs based on RDX dnRDX/PETN are known as Semteknergetic
polymers were added in explosive compositions to increase the explosive
performance. This makes the explosives more vulnerable to accidental initiation by
impact canpared to traditional explosiveompositions. The addition gdlasticizes

has reduced the sensitivity of PBXs whilst improvittieir processability and
mechanical propeds. Examples of PBXs are PETN in polyester and styrene

copolymer and RDX imnylon and aluminium matrix.
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Chapter 3

Forensic Analysis of Drugs of Abuse and Explosives

3.1 Forensic Analysis of Drugs of Abuse

Items received by the forensic laboratory andpected of containing drugs of abuse
occur in four main forms: powders, tablets and capsules, living plants or dried
vegetable matter, and liquids. The forensic chemist must ensure that the material
provided is suitable for the analysis to be carried oatry out the correct analysis,
achieve quality data of certain standard, interpret the data and present them im writte
and /or verbal forms. FigureB3shows a general scheme for the analysis of drugs of
abusel™

3.1.1 Physical Examination* 2%

The physical appearance generally gives a good iddéee afrug present e.g. cannabis.

It is therefore possible to go directly to the specific test rather than use a screening
technique. Tablets such as prescription medications or clandestingiythesized
tablets are common forms of physical evidence. In cases where the evidence is or
appears to be commercially manufactured tablets, identification can be made visually
using references such as the phylsmagi anos
have other markings or imprints such as crosses or imprints. Amphetamines,
methamphetamine, and MDMA are often sold illicitly tablet form, although
typically the pills are cruder than those produced commercially. While the physical
appearance cagive a good idea about the drug present, the identity of the drug can
only be established after chemical analysis.

3.1.2 Screening tests

3.1.2.1 Presumptive (colour) test" *4 24

Colour tests give valuable indication of the content of the samglerial. These tests
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continue to be popular for several reasons. They rely on simple chemical reactions
which produce visible results thatrcde interpreted with the nakegle. The reagents

and laboratory materialeequiredto perform the tests are inexpensive and readily
available. The tests can be performed by unskilled operator without extensive training.
They can also be employed in the field by the security and law enforcement agents.
One of the most important and wigelsed colour tests is the Marquis testyellow

to orange colour is obtained if amphetamine or methamphetamine is present in the
tested sample while opiates yield an indigo colour. The main purpose of these primary
colour tests is to narrow the list aftsstances possibly present in an unknown sample.
These tests are only presumptive and suffer from several disadvantages. They cannot
discriminatebetween drugs of the same type they camot discriminate between
derivatives. Additionallythey aresuscetible to false positive redts, and the colour
produced can bmfluencedby the salt form of the drug or the presencetbtragents

in the sample.

3.1.2.2 Thin Layer Chromatography!* 4!

TLC is a simple, quick, and inexpensive procedure that givedorensic analyst a
quick answer as to how many components are in a mixture. TLC is also used to
support the identity of a compound in a mixture when theofRa compound is
compared with the ff a known compound. A TLC plate is a sheet of glass, metal, or
plastic which is coated with a thin layef a solid adsorbent (usually silica or
alumina). A small amount of the mixture to be analyzed is spotted near the bottom of
this plate. The TLC platis then placed in a shallow pool of a solvent in a developing
chamber so that only the very bottom of the plate is in the liquid. lifiisl, or the
eluent, is the mobile phase, and it slowly rises up the TLC plate by caitiion.

As the solvent mees past thepplied spot an equilibriumis established for each
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component of the mixture between the molecules of that component which are
adsorbed on the solid and the molecules which are in solution. In principle, the
components willvary in solubility and in the strength of their adsorption to the
adsorbent and some components will be carried farther up the plate than others. When
the solvent has reached the top of the plate, the plate is rermouethe developing
chamber, dried, and the separatedhponents of the mixture are visualized. If the
compounds are coloured, visizaltion is straightforward. Neooloured compounds

are visualized using ultraviolet radiation or by spraying the plate with a detection
reagents. Colour tests reagents can be @sedisualising the compounds which
increases the selectivity of the detection. The major drawback of TLC is its low
sensitivity and low specificity, thus negative results of TLC are not always negative

by other methods.

3.1.3 Confirmatory tests
3.1.31 Chromatography 2

Chromatography involves a sample being dissolved in a mobile phasad (why be

a gas ora liquid) which is then forced through an immobile, immiscible stationary
phase. The phases aelectedsuch that components of the sample hdifeering
solubilities in each phase. A component which is quite soluble istét@nary phase

will take longer to travel through it than a component which is not soluble in the
stationary phase but soluble in the mobile phase. As a result of thesendi® in
mobilities, sampleconstituentswill become separated from each other as they travel
through the stationary phase. Chromatographic techniques use columns packed with

stationary phase, through which the mobile phase is forced. The samplsp®tran

through the column by continuousaddition of the mobile phase aprocess called
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Figure 3.1 General schemedr drug analysis [Adapted from reference 13]

elution. The timeelapsedbetween sample injection and an analyte peak reaching a
detector at the end of the column is termed the retention(tindn manychemical
analyses, the compound of interest is found as a part of a complex nartlithe
role of the chromatographic techniqigeto separatéhe componentef that mixture to
allow their identification or quantitative determination. Theain disadvantagesf
chromabgraphyare difficulties in establishing specific separation methods (mobile
and stationary phases) may lead to a lack of specifidéntificaion dependon the

comparison of the retention time of an unknown with those of reference materials
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determined undesimilar experimental conditions. Therare, however, so many
compounds that even if the retention times of an unknsampleand a reference
material are identical, the analyst cannot say with absolute certainty that the two
compounds are the same. Despite a range of chromatographic corali¢éianailable

to the analyst, it is not always possible to eftbetcomplete sepat@an of all of the
components of a mixtune@hich may prevent the precise and accurate identification of
the analyte of interest.

3.1.3.11 Gas Chromatography-Mass Spectrometry'?®!

GC separates the components aofmixture in time, and the mass spectrometer
provides information thdtelpsin the structural identification of each component. The
basic principle of GC/ MS involves the volatilization of the sample in a heated inlet
port, separation of the sample compdsem a specially prepared column, and
detection of each component by a detector. A carrier gas, such as helium or hydrogen,
is used to transfer the sample from the inlet port, through the column, and into the
detector. Separation of treamplecomponentds determined by the distribution of
each component between the carrier gas (mobile phase) and the column (stationary
phase). Samples to be analysed by /@& must be volatile, thermally stable and low
polarity. Involatile, thermally labile and polar substas must be derivatised prior to
GC-MS analysis.Identification and chemical profiling of MDMA in ecstasy tablets
was undertaken using G@S. Based on the chemical profiles, aedardles®f their
different physical characteristics, tablets obtained iiflerént seizures could be
determined as to whether or not they could have come from a coswnoce The
impurities detected in the MDMA tablets also served as excellent chemical markers
from which plausible synthetic route of the MDMabletswere infered.?” 8! Also,

a gas chromatographic procedure with mass spectrometric detectioM$pE@as
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established todetect amphetamines, MDMA, MDEA and MDA, cocaine and
pharmacologically active impurities in ecstasy tabfétsin addition, several drugs of
abuse were detected in contaminated USA paper currency and Euro banknotes using
GC-MS analysis!®* 3!

The GC column can be connected to a Fodramsform infrared spectrometer (6C
FTIR). The separated molecules elute to the flow cell of the IR detect

In the flow cell the molecules are bathed with infraradiation The absorption
spectrum isa fingerprint of the moleculé®® *¥! GC-FTIR has been successfully
appliedto the detection of amphetamin&4!

3.1.31.2 High Performance Liquid Chromatography 1*°

HPLC is based on selective partitioning of the molecules of interest between two
different phases. Here, the mobile phase is a solvent or solventrenitat flows

under high pressure over beads coated witl sblid stationary phaselhile
travelling through the column, molecules in the sample partition selectively between
the mobile and the stationary phasehosemoleculeghat interact with the stationary
phase will lag behind those that partition preféedly with the mobile phase. As a
result, the sample introduced at the front of the column will emerge in separate bands
(called peaks), with the bands emerging first being the components that interacted
least with the stationary phase and as a resulechquicker through the column. The
components that emerge last will be the ones that interacted most with the stationary
phase and thus moved the slowest through the column. A detector is placed at the end
of the column to identify the componemisthe sanplethat elute. HPLC is especially
useful for compounds that are thermally labile. HPLC has some advantages over GC
because of the variety and combinations of mobile phases that cateb&d Many

different types of detectors are available for HPLChsas the refractive index
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detector (RI), UV/VIS detectors, fluorescence detectors and mass spectrometer
detector (HPLEMS). MDMA concentration was analyzed in ecstasy tablets using
HPLC.® Although the tablet weights were uniform, MDMA concentratiorvatmh a
remarkable variability, indicating poor manufacturing control thus imposing
additional health risks to the users. Also, four methylenedioxylated amphetamines
were quantified in tablets from illicit drug seizur€4. Quantitative determination of
cocaine hydrochloridé®® and comparison of illegal cocaine samples using HPLC
were reported®® In addition, the technique was successfully applied for the
identification of heroin*®, cannabinoid$, and benzodiazepind¥!

3.1.31.3 Liquid Chromatography-Mass spectrometry (LGMS) 14!

Liquid chromatographynass spectrometry is amnalyticaltechnique that combines

the physical separation capabilities of liquid chromatography (or HPLC) with the
mass analysis capabilities of mass smawetry. The primary advantage HPLC/MS
has over GC/MS is that it is capable of analysing a much wider range of components.
Compounds that are thermally labile, exhibit high polarity or have a high molecular
mass may all be analysed using HPLC/MS, eveteprs may be routinely analysed.
Components eluting from thehromatographic column aietroduced to the mass
spectrometer via a specialised interface. The two most colyrasedinterfaces for
HPLC/MS are the electrospray ionisation and the atmospheessyre chemical
ionisation interfaced.C-MS was applied for the detection of drugs of abuse, namely
amphetamine, cocaine and heroin, in seized drug samffesin air ¥, in
pharmaceutical product! and on Ero banknotes*”

3.1.31.4 HPLC-FTIR 18

This technique comprises the interfacing between HPLC arldRFSpectrometer .The

interface can be achieved in two ways:
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a- Flow-cell LCi FT-IR: Coupling of LC and FAIR is achieved by letting the column
effluent pass directly through afl cell with IRtransparent windows.

b - Solventelimination: LA FT-IR: An interface is used which effedtse evaporation
of the eluent and deposition of the analytes on a substrate suitable for IR detection.
3.1.3.2Mass Spectrometry! 26+ 29 49!

Mass spectral analyses involve the formation of gaseous ions from an analyte (M) and
subsequent measurement of the massharge ratio (m/z) of these ions. The
commonly used ionization methods include Electron lonization (EI), Chemical
lonization (ClI), Seondary lon Mass Spectrometry (SIMS), Thermospray (TSP), and
Electrospray lonization (ESI). Depending on the ionization method used, the sample is
converted to molecular ions and their fragments. The mass spectrometer separates the
ions generated upon iadtion according to their magss-charge ratio to give a graph

of ion abundance vs. m/z. Mixtures are often preseparated by gas or liquid
chromatography, so that a mass spectrum can be obtained for each individual
component to thereby facilitate sample releéerization. The exact m/z value okth

mol ecul ar i 0 ns element@lacbnspositioh and, ithus) allows for the
compositional analysis of the sample. If the molecular ions are unstable and
decompose completely, the resulting fragmentation pattesm be used as a
fingerprint for the identification of the sample. Fragment ions also provide important
information about the primary structure of the sample molectlaacem mass
spectrometry (MS/MS) is verwseful in structural determinations and che
visualized as multiple mass spectrometers placed in tandem. This technique performs
gasphase purification of a specified m/z value using the first mass spectrometer. This

is achieved by allowing only the ion of interest to be transmitted while sineolisty
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discriminating against (rejecting) all other ions. The transmitted ion is then
fragmented to yield product or fragment ions from the precursor species. These ions
can then be rationalized to a structure. Mass spectrometric methods have experienced
a steadily increasing use due to their high sensitivitg 07T 15 mo | suf fi
analysis), selectivity (minor components can be analyzed within a mixture), specificity
(exact mass and fragmentation patterns serve as particularly specific compositional
charateristics), and speed (data acquisition possible within seconds). Several studies
have appeared in the literature addressing the application of mass spectrometry to the
detection and the identification of drugs of abuse. It has been applied for therggcreen

of solid dosage forms of drugs of abUe® and the detection of drugs and their
metabolites in dusted latent fingermalk$. Also, ion trap mass spectrometry was
applied for the examination of complex mixtures containing drugs of affised

street market confiscated drugs wanmalysed using electrospray ionization mass

spectrometry %

Moreover, desorption electrospray ionization (DES5ss
spectrometry was applied to the analysis of mixtures of explosives and drugs from a
variety of falics, including cottonsilk, denim,polyester, rayon, spandex, leather and

their blends®*

3.1.3.3X-ray powder diffraction 1°°

X-ray diffraction is a common technique for the study of crystal structures and atomic
spacing. The thredimensional structure of crystalline materials is defined by regular,
repeating planes of atoms that form a crystal latticeayKdiffraction is bas# on
constructive interference of monochromatigays and a crystalline sample. These X

rays are generated by a cathode ray tube, filtered to produce monochromatic radiation,

collimated to concentrate, and directed toward the sample. The interactiop of th
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incident rays with the sampte be analyzegroduces constructive interference (and a
diffracted ray) when conditions satisBragg's Law( n eds2 n d)aw relddsi s L
the wavelength of electromagnetic radiation to the diffraction angle and the lattice
spacing in a crystalline sampl e. By scan
all possible diffraction directions of the lattice should be attained due t@ridem
orientation of the powdered material. Measuring the diffraction pattern therefore
allows deducing the distribution of atoms in a material. Typically, this is achieved by
the comparison ofi-spacings with standard reference patterns. b advantges

of X-ray diffraction methods in forensic science atlee unique character of the
diffraction patterns of crystalline substances, the alolitthe techniquéo distinguish
between elements anletir oxides, ando identify chemical compounds, polymabip

forms, and mixed crystals by a ndestructive examination.

XRD is usually employed to identify the chemical form of the drug (salt, base or acid)

, to identify any diluents or adulterants present in the sample, and to compare one
seizure with anothre X-ray diffraction has been applied for the detection of hérdlin

and illicit drugs in parceld®” It also was applied to analyze various trace elements in
small amounts of drugs of abu&¥: °* Several elements such as iodine, phosphorus,

calcium, sulfur, and potassium were found as contaminants in the seized samples.

3.1.3.4Spectroscopy™”

Confirmation of the identity of the drugften requiresthe use of at least one
spectroscopic technique. The spectra ob
chemical compound and provide confirmatory information for unequivocal
identification of most drugs of abuse. Usually the acquired spectra of thewumkane

compared visually with reference spectra by an experienced analyst or tentatively
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identified by a computerized library search. The combination of the separation
capability of chromatography with the identification capabilities of the spectroscopic
techniques is clearly therefore advantageous, particularly as many compounds with
similar or identical retention characteristics have quite different spectra and can
therefore be differentiated. This extra specificity allows quantitation to be carried out
which, with chromatography alone, would not be possible. A variety of spectroscopic
techniques can be found in many forensic laborgancludingNMR spectroscopy,

IR spectroscopy, @ahRaman spectroscopy.

3.1.3.4.INMR Spectroscopy®”

NMR is based on the absorption of energy in the radiofrequency region of
electromagnetic spectrum by the nuclei of atoms. NMR spectra arise from a property
that some nuclei have, usually called s@pinning of charged nuclei generata
magnetic field When a sample is subjected to an external magnetic field, the nuclei
align themselves witbr againsthe applied magnetic field. Protons that align with the
applied field are in the lowez n e r -gpin state and protons that align against the
field are in the higherenergy b-spin state. When the sample is subjected to
radiofrequency radiation (rf radiation) whose energy corresponds to the difference in
energy bet wa dspih stdtest hUe a i d-spifh states are made to
interconverti.e. flipping the spin.This flipping of the proton from one magnetic
alignment to the other by the radio waves is known as the resonance contemn.

the nuclei relaxto their original states they emit electromagnetic signalgith
frequencies that deperh the differencen energy between thg andb-spin states.
Since NMR experi ment st ar-$pe dtates,itherbis @netc e s s
absorption of energy which is displayed as a plot of frequency versus amount of

absorbed energWuclei in dfferent parts of the molecule experience different local
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magnetic fields according to the molecular structure, andheg absorb the rf
radiation atdifferent frequenciesThis difference is called the chemical shitMR

has been applied to distinguisktiveen drugs that have effects similar to narcotics
and stimulant€’! NMR in conjunction with MS and IR has been used for the
identification and detection of contaminants in synthesized amphetafffirasd for

the characterization of derivatives of MDMA? It also has been applied for the
detection of aminorematerial in confiscated drug sampl&8.

3.1.34.2 UV/Visible Spectroscopy®®

Ultraviolet-visible spectroscopyUV=200-400nm, VIS= 400780 nm) corresponds to
electronic excitations between the energy levels that correspond to the molecular
orbitals of the systemsIn particular,electronictransitions involving p orbitals and

lone pairs (n = nofbonding) are important and so XIS spectrosopy is of most

use for identifying conjugated systems which tend to have stronger absorptions. The
lowest energy transition is that between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) in the ground.stat
The absorption of the electromagnetic radiation excites an electron to the LUMO and
creates an excited sta(Eigure 32). The more highly conjugated the system, the
smaller the HOMGLUMO gap, and therefore the lower the frequency and longer the

wavelength. Th@artof the moleculevhichis responsible for the absorption is called

,

LUMO T ?
2E<«— hv
HOMO l : I 4
Ground state Excited state

Figure 3.2 Excitation of electrons between molecular orbital$adapted from
reference 65]
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the chromophore of which the most common are C= to p*) and C=0(n to p*)
system. The UV/VIS spectrum represents the absorption of light as a plot of
wavVv el e nig nanométex )of the absorbed radiation versus the intensity of the
absorption Identification of amphetamine and related illicit drugs by 2nd derivative
ultraviolet spectrometry has been report&Also, amphetamines have beggtected
using highperformance liquiechromatography with ultraviolet detectidf’! and
capillary zone electrophoresis with ultraviolet detection has been fmethe
enantiomeric separation of metharhptamine and related analogs In
methamphetamine seizur&g.
3.1.3.4.3Infrared Spectroscopy!®® ™

Infrared spectroscopy isonsideredone of the most important analytical techniques
available to scientists. One thfe great advantages of-Bpectroscopy is that virtually

any sample imlmostany state may be studied. Liquids, solutions, pastes, powders,
films, fibres, gases and surfaces can all be examined wibnsiblechoice ofa
sampling technique. Infrared spectroscopy is a techrttpteprobeghe vibrations of

the atoms of a molecul&he infrared region of the electromagnetic spectrum extends
from 14,000 to 10 cthand he region of most interest for chemical analysis is the
mid-infrared region (4,000 cthto 400 cnt) which corresponds to changes in
vibrational energies within molates. Not all possible vibrations within a molecule

will result in an absorptiorpeakin the nfrared region To be infrared active the
vibration must result in a change of dipole moment during the vibration. Tthe is
selection rule for infraredpectr@copy This means that for homonwedr diatomic
molecules such as hydrogdiry), nitrogen (N) and «ygen (Q) no infrared
absorption is observed, as these molecules have zero dipole moment and stretching of

the bonds will not produce one. For heteronuclear diatomic molesutds carbon
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monoxide (CO) and hydrogerhloride (HCI), which possess a permanent dipole
moment, infrared activity occurs because stretching of this bond leads to a change in
dipole moment.An infrared spectrum is obtained by passing infrared radiation
through a sample and determining what fraction of the incident radiation is absorbed
at a paticular energy. The energy at which any peak in an absorption spectrum
appears corresponds to the frequency of a vibration of a part of the molEapke.

lifted model particles of drugs of abuse were analysed using Fourier transform
infrared spectroscop and several drugs of abuse were analysed by GC/IRIMS.
3.1.3.4.4Terahertz Spectroscopy

Terahertz radiation has been demonstrated to be an effective probe for inter and
intramolecular vibrational modes of crystalline materials yielding unique molecularly
specific spectraBroadband terahertz tirdomain spectroscopy has been applied for
the analysis of several drugs of abusencealed in envelops! Principal component
analysis was employed to cluster terahertz spectra of a wide range of samples of drugs

of abuse containing cocaine hydrochloride, ecstasy and h&fbin.

3.2 Forensic Analyss of Explosives

The detection of explosives has become a subject of major interest in recent years.
Incidents involving the explosion of airplanes, terrorist attacks on buildings, and
suicide bombers attacking crowds of people or busses, have been meddimes

with far more regularity than anyone but the terrorists would like. Detection of
explosives is of significant importance in several applications such as finding hidden
explosives in airport luggage, screening of personnel for explosives and
environmental monitoring of explosivesntaminated site§*!

Detection of explosives is based on a wide variety of technologies that focus on either
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bulk explosives or traces of explosives. Bulk explosives can be detected directly by
detecting the cheiwal composition of the explosive material or indirectly by imaging
characteristic shapes of the explosive charge, detonators, and wires. Trace detection
relies on vapours emitted from the explosive or on explosive particles that are
deposited on nearby daces. Explosive detection igot an eag task, and

combinations of the various techniques offer increased sensitivity and selettivity.

3.2.1 Bulk DetectionMethods
Bulk detection methods are suitable for the detection of explosives with low vapour
pressure and inspection of sealed containers. The general technique is to direct a form
of radiation at the object under investigation, detect the resulting radiation emanating
from the object and determine whether that received signal carries the iggrfadin
explosive. The most common example of these techniques is the basig X
inspection system seen at most airport security check points.
3.2.1.1 Xray techniques
X-rays have been used for many years to search for explosiveshamdcontraband
in luggage and cargo containe&ince Xray radiationis ionizing, there are health
concerns when people are exposed tdlitere are several -Kay techniques which
include:

a Transmission Xay imaging: These systems require a deteciorthe

opposite side of the targee. a bagrom the transmitter. Transmissiegstems

give good resolutiommagesand detect shapes of objects shadoasged result of

their high Xray absorption?®"¢78

b- Dual energy systems

The basic principle dDXA data acquisition is based on the differences between
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an object attenuatiorat high and low xay levels. As the xay beam passes
through the object, detectors measure the level -adyxradiation that is
absorbed by it. An algorithm is used whicheirprets each pixel, and creates an
image for the item under investigatiomhis procedure yields precise, high
quality images at very low doses of radiatigh &’

c- Computed tomography (CTif* 83

Computed tomography, widely used in timedical field, has been adapted to
explosives detection. -Xay transmission information is collected at multiple
angles around the item being inspected within a particular plane (usually
perpendicular to the plane of the conveyor belt and the directiagheobelt
motion). This information is then usedr producing 2D and 3D cross
sectional images of an object from flatrXy imagesThe image represents the
X-ray attenuation of the objects in the collection plaearacteristics of the

internal structte ofanaralyzedobject such as dimsions andgshapeare readily

available from CT images

3.2.1.2 Neutron and gamma rayechniquest*®?!!

These techniques are based on the excitation of elements by neutrons which in turn

produce secondary gamma ratlsat ae characteristic of the objealemental

composition Neutrons are uncharged patrticles, so when they irradiate materials they

interact byway of nuclear interactions with the neutrons and protons in the nucleus of

the atoms of the target materidNeutrons have a greater p&a#ion range and

because of this ability to penetrate deep into dense materials, neutron interrbgation

been proposed for explosive detection in small items, such as passenger basljs, as

as br large cargo containers. When neutrons interact with materials, thegresigve

to the structure of the nucleus. Thus, neutrons probe not only étethental content
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of the target material, but also the isotopic mixture.
a Thermal neutron activian (TNA): Thermal neutrons can be captured iy
nucl ei a n-iys ofa spedific energy Dhe di stri buti on
raysat this energy can in principle be used to detect nitroighrexplosives®®
b - Pulsed fast neutron analy§RBFNA): Fast neutrons are used to bombard the
target. The induced gamma rays are measured to detect the expldtiees.
system is based on3 images of elemental ratios of O, N, and®®.
c - 9-Ray nuclear resonance absorption (NRA): An accelerator generedgs
to penetrate the screened item. Theays arepreferentially absorbed by
nitrogen nuclei. A significant decrease in the u mb e r of -ragiset ect ¢
indicates the possible presence xflesives!®
The major disadvantage of these techniques is the health hazards issues which may
limit their use for the detection of explosives.
3.2.1.3Nuclear quadrupole resonance (NQR¥ &7
A low intensity radio frequency pulse (866 MHz) is applied to the screened
object’™N nuclei orient themselves to the electromagnetic field. When the
electromagnetic field is removed, the nuclei redaxitting a uniqueradiosignal NQR
provides a chemical specificity as the signal is relatedhe partialar molecular
configuration of the nuclei possessing the quadrupaeent. The NQR detection is
restricted to crystalline solids; amorphous mater&ais, liquids are not detected
3.2.1.4 Terahertz spectroscop{®®®
Terahertz spectroscopy is a spectroscopibiniquethat uses the terahertz frequency
radiation (10010 GHz i.e. between infrared and microwave frequenaiy)the
electromagnetic spectrum for the investigation amdcture elucidation of materials.

Teraherz radiation can penetrate clothing, bags and packaging material and because

35



its radiation is safe, it can be used for screening people. Since each explosive has
a unique terahertz absorption spectrum, it can be used to differentiate betviees va

explosives.

3.2.2 TraceDetectionMethods

Trace analysis of explosives is of major importance in forensic and environmental
applications. In forensics, the applications include analysis ofepgebsionresidues

and identification of traces ¢ x pl osi ves on cleghing pned othes 6 h a
related items.In the environmental field, the applications include analysis of
explosives and their degradation products in soil and water. These analyses are
important because of the toxicity of most eogives and the fact that many areas in

the vicinity of explosives and munitions manufacturing plants are contamiffated
Trace detection methods measure traces of characteristic volatiie compounds that
evaporate from the explosives or particulate matreisent on the outside of the
explosive container or other surfaces. Vapour samples are collected from the target
area or object by drawing ambient air into the deteclioace detectionis a
particularly challenging task asaturated vapar pressures fomany of the common
explosives are verjow. Particulate samples are collected by wiping surfaces with a
paper filter trap or with handeld vacuum, followed by desorption into the
detector!”®°? |n addition, chemical preconcentrators have beeeldped to increase

the sensitivity of the detection. Most preconcentratorsreialy based on drawing in

a large volume of air, which includes the explosives, from the air stream onto a
chemical filter, followed by vaporising these explosives into theatet.

3.2.2.1 lon Mobility Spectrometry (IMS) %3 94

A sample, gaseous or in solutionjngroducednto an ionization region suas

36



atmospheriqressure chemical ionization (APCPhotaionization, and electrospray
ionization. Analyte ions are accelerated by an electric field down a drift region against
a flow of drift gas. This results in separatiohthe analyte ionsccording to ion
mobility, which depends on mass, charge, size, and shape. The drift time depends
the ionic mass; heavier ions move at a slower speed and theraef@e longer drift
time. Under the influence of this electric fieldons move toward the detector,
nominally a Faraday plate, and create a signal (i.e. current flow) at the deféetor.
ion mobility spectrum consists of a plot of ion current as a function of drift time. lon
mobility spectrometers have advantages in terms of simplisityall size, and short
response timeBecause of these criteriagni mobility spectrometry has becontlee

most widely used technology for the detection of trace levels of explosives on
handbags and cargn-luggage in airportsPostblast residues fromitroglycerin, G4,
DETA Sheet, SEMTEX, and ammonium nitrate explosives have also been detected on
itemsof forensic and evidentiary valué®

3.2.2.2 Mass Spectrometric techniques

Mass spectrometry has become a routine technique for forensic analgsasives

and one of the technologies used for vapour and trace detection of bijulesives.
Mass spectrometry igecognized for its superior performance with regaod
sensitivity and specificity. Mass spectrometry is more informative than lon Mobility
Spectrometry in terms of identifying organic compounds in trace améth8everal
ionization methods includingelectrospray ionization (ESI®? and atmospheric
pressure chemical ionization (APCI} have beerused, depending othe type of
explosives The thermal lability of many explosives, with the requirements of high
sensitivity makesL.C/MS amethod of choice for the analysis of explosiVé$. Also,

astudy comparing detection limits for GC/MS analysis of organic explobagbeen
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reported. '° Moreover, Tandem mass spectrometry has been used in mass
spectrometric explosivedetection in order to increase selectiVif}f Tandem mass
spectrometry (MS/MS) allows inducing fragmentation and mass analyzing the
fragment ions. This is accomplished by generating fragments from a selected ion and
then mass analyzing the fragment idfs'%?

3.2.2.3 Canine§®

Canineshave highly sensitive olfactory system and dogs have been trained to sniff
explosives. Dogs are mobile and can clear a large space such as an auditorium or
inspect a building floor by floor to ensure the absence of explosives. However, this
method sufferdrom several disadvantages such as the high cost, the decrease of
performance over time, behavioural variations and the need for an assigned handler
for best performance.

3.2.2.4 Electronic noses (MicrosensorS§f*

Electronic nosearehandheldand moblie devices, called electronic or artificial noses,
which mimic bombsniffing dogs without having their drawbacks electronic nose

is usually composed of a chemiaansingsystem and a pattenecogniton system.
Eachvapour presented to the senseiy st em produces a signat
Presenting mangifferent chemicals to the sensor yields a database of fingerprints,
which the pattermecognition system uses to recognize and automaticdeigtify

each chemicalFluorescent polymer sensoase used as chemical detectorBhese
materials fluoresce intensely in the presence of ultraviolet light whetnoaromatic
explosive compounds are present, but are prevented from fluoresbiery those
compounds are introduced. Upon encountering raaribmatic molecule, the tailored
fluorescing polymer binds with itf the air sample contains explosive vapour, the

photomultiplier detector will sense a decrease in light intensity triggering an alarm.

38



Chapter 4

Principles, Theory andInstrumentation of Raman Spectroscopy

4.1 Vibrational spectroscopy*®

Infrared and Raman spectroscopy are complementary techniques that are used for
structural elucidation of materialsThey provide information on the chemical
structures and physical characteristitsnaterials; they are used for the identification

o f substances by o6fingerprintingé.- Al so
guantitative analysis. These spectroscdpithnique arebased on the vibrations of

the atomsof a molecule.An infrared speitum is commonly obtained by passing
infrared radiation through a sample and determining what fraction of the incident
radiationis absorbed at a particular energy. The energy at which any peak in an
absorptiorspectrum appears corresponds to the frequehayvibration of a part of a
samplemolecule.Raman pectroscopy is based on the Raman Effect, which is the
inelastic scattering of photons llye samplemolecules One ofthe great advantages

of vibrationalspectroscopy is that nually any sample irmny physicalstate may be
studied. Liquids, solutions powders, films, fibres, gases and surfaces can all be
examined with a choice af suitablesampling technique

4.1.1 Molecular vibrations %8

IR and Raman spectra results from transitions betweertigedrvibrational energy
states. Molecular vibrations can range from the simple motion of the two atoms of a
diatomic molecule to the more complex motion of every atom in a large polyatomic
molecule. A mode of vibration in a molecule is a periodic comiorin which the

centre of mass of the molecule or its orientation does not change as a result of the
vibration and all of the atoms pass through their linear equilibrium position

coincidentally. The position of a molecule in three dimensional space cEsbebed
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by using anx, y and z co-ordinate for each atom. This means that a molecule
comprised ofn atoms has 13 Cartesian cardinates required to describe its shape,
position and orientation. The yaentdrimaa c an
these Cartesian axes. There anduBidamental distinct molecular motions which are
called degrees of freedom. Molecular motions consist of translations, rotations and
vibrations. Three of the degrees of freedom are translations of the whole molecule
alongthe x, y or z axis. A nonlinear molecule also has three pure rotations about
these axes while a linear molecule has only tiMee translational and rotational
degrees of freedom, which do not charige relative positions of the atoms in the
molecule,are often called negenuinemodes.Thus, a nofinear molecule possesses
3n-6 fundamental modes of vibration, whilst a linear molecule hes ®f these, the
number of stretching modes is equal to the number of bonds in the moledufer(

an acyclic nolecule) and the remainder of the vibrations are bending modes. During
these normal modes of vibrations all the atoms move in phase and with the same
frequency.Various atoms in a molecule may be regarded as balls of different masses
and the covalent bondsetween them as weightless tiny sgarholding such balls
together. There are two typesfundamental molecular vibratioBigure 4.1):

1- Stretching vibrations: in stretching vibrations, the distance between two atoms
increase or decrease, but thenagoremain in the same bond axis. Stretching
vibrations are of two types:

a Symmetrical stretching: in this mode of vibration, the movement of atoms with
respect to the common (oentral) atom isn the same direction along the same bond
axis.

b- Asymmetrical stretching: in this vibratiah mode one atom approaches the

common atom while the other depaatgayfrom it.
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2- Bending Vibrations (Deformations): In such vibrations, the positions of the atoms
change with respect to their original baackes. Bending vibrations are of four types:

a - Scissoring: In this mode of vibration, the movement of atoms is in the opposite
direction with change in their bond axes as well as in the bond angle they form with
the central atom.

b - Rocking: in this vibation, the movement of atoms takes place in the same
direction with change in their bond axes. Scissoring and rocking apéane
bendings.

¢ - Wagging: in this vibration, two atoms simultaneously move above and below the

plane with respect to the commatom.

Scissoring

Wagging Twisting

Figure 4.1 Stretching and Bending vibrations (+ and signs indicate movement
perpendicular to the plane of the paper).
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d - Twisting: in this vibration, one of the atom moves up arel dther moves down
the plane with respect to the common atom.
4.2 Theory of the Raman Effect'?”:108
The first experimental observation of the inelastic scattering of light was made by
Raman and Krishnan in 1928. When a compound is irradiated with monochromatic
radiation, the radiation is transmitted, absorbed or scattered by the molecule. Of the
scattered adiation, a majority of the photons are scattered at the same frequency as
the incident radiation frequency. This form of scattering has been termed elastic or
Rayleigh scattering. Additionally, a very small proportion of the photons (abo) 1/10
are scaered at frequencies arrayed above and below the frequency of the Rayleigh
line. The differences between the incident frequency of radiation and shifted
frequencies correspond to the frequency of the molecular vibrations present in the
molecules of the saphe. These wavelenghifted frequencies are termed inelastic
scattering, and a collection of these wavelersiiiited frequencies comprises the
Raman spectrum.
4.2.1 The classical theory of the Raman Effe€f?
When the oscillating electric field of ghincoming radiation interacts with the atoms
of the molecule (Figure 4.2), the electron cloud of the molecule is distorted and
induces an electric dipole moment. This induced polarization then radiates scattered
light with or without exchanging energy Witvibrations in the molecule. The strength
of the induced polarizatio®,, i s dependent wupon the pol at
electric field,E:

P=UE (1)
Polarizability can be regarded as the measure of the flexibility of the electron

cloud i.e. the ease with which the electron cloud of the molecule can be deformed or
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~180° scattering

Figure 4.2 Scattering of light by an induced dipole moment due to anncident
EM wave. Scattering may ke in various directions, but 90 and -180 are shown
[Adapted from reference 109

displaced to produce an electric dipole under the influence of the external electric
field. It is amaterialproperty that depends on the molecular strucncenature of the
bonds The classical treatment of Raman scattering is based on the effects of
mol ecul ar vibrations on the polarizabil:|
field varies accordingotthe following equation:
E=Epc 05S V2 (2)

WhereEy is the maximm electric field strengtht, is the time g is the frequency of
thelaser light(Hz) [vo=c [/ o]
Substitutingequation(2) into (1) yieldghe timedependent induced dipole moment,

P=a Epcos wt)2 - (3)
The vibrational energgf a particular mode is given by:

Evib=( 81/2)hwp (4)
whereg is the vibrational quantum numbeay £ 0,1,2 é , )ew, ¢s the frequency of

the vibrationalmode, and is the Planck constant. The physical displacendénof
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the atomsabout theirequilibrium position due to the particular vibrational mode may
be expressedas dQ =Qcos (2 wipt) (5)

whereQ is the maximum displacement about the equilibrium position.

Based on the vibrational displacemeneqgtiation(5), the polarizability may be given
as U s+ W @ Qocos (2" wipt) (6)

Substituting equation (6) into equation (3) yields equation (7):

P=UEyc os vi{t)2 + Q) QdEyc/ols v{tRcos(2 wipt) (7)

After noting that cos cosb = [cos @ + b) + cos(a - b)] / 2, equation (7)nay be

recast as
P=UExcos @ Wot) + V2 U @) QoEb{ c 0 s vo[wd)t] (+ c @sw)t]R 8) (

Equation (8) reveals thatthe induced dipole moment isreated at threealistinct
frequenciesnamelyvo, (Vo- Wib), and o + Wipb), Which results in scattered radiation at
these same three frequencies. The first scattered frequenmegponds to the incident
frequency hencet is an elastic scatteringr@yleigh), while the latter two frequencies
are shifted to lower or higher frequencies and are therefore inelastic processes. The
scattered light irthese latter two cases is refelr®® as Raman scattering, with the
downshifted frequency (longewavelength) referred to as Stokes scattering, and the
up-shifted frequency (shorter wavelengtieferred to as anbtokes scatteringilso,
several conclusions can be made from equatianF{8t, thenecessary condition for
Raman scattering is that the tefmU Q /muist be nowzero. Thiscondition may be
physicallyexplainedto mean that the vibrational displacement of atoorsesponding

to a particular vibrational mode results in a chaing@e polarizability This statement

is the basis of the primary set®n rule for Raman scatteringzor examplethe
polarizability of the C=C bondhanges significantly with a vibration associated with

the stretch of the C=0Gond. So the Raman scaitgy from a C=C bond is strong,
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while that ofa C=0 bond is relatively weak. In contrast, infrared absorption requires a
dipole moment change for a given vibration to be IR active, so thevix@tion is
very weak toward IR absorption and the C=0 strigairong.Secondly,ii U Q may
vary significantly for different molecules and for differenbdes ina given molecule,
leading to wide variations in Raman scatterintgnsity. Thirdly, i U Q fistmuch
smaller thanly and Raman scattering itherefore much weaker than Rayleigh
scattering.
4.2.2 The Quantum theory of Raman scattering® 1%
According to the principles of quantum mechanics, the energy associated with
electronic, vibrational and rotational degrees of freedom of a molecule can assume
values only from a discrete set, namely the quantized energy levels corresponding to
the possible tationary states of the molecule. These states are characterized by a
specific set of quantum numbers describing the level of excitation of each quantized
motional degree of freedom. Radiation is absorbed or emitted by the molecule as the
result of an upwal or downward transition between two energy levels. The radiation
absorbed or emitted by the molecule is atg@ntized, with energy enclosed in
discrete photons that can alternatively be viewed as electromagnetic waves. The loss
or gain of energy by the mo | e c ul a rE, is ggsitalenntahe amitted or
absorbed energpf electromagnetic radiation (Figure 4.3). This energy is directly
proportional to thérequency or wavenumber of radiation:
a&E = hv =hcv 9)

Whereh is the Planck constant,is the speed of light; is the frequency, anvlis the
wavenumber of the radiation. The relationships between these are given below:

& Cc#v (20)

v=v/c= 1/ @& (11)
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Excited electronic level
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Vibrational energy
levels
g=1 A Y
hVM
g=0 '
IR Rayleigh Stokes Rayleigh AntiStokes
Absorption scattering Raman scattering Raman
scattering scattering

Figure 4.3 Diagram of transitions between vibrational energy levels
corresponding to the processes of IR absorption/emission, aridayleigh and
Raman scattering [Adapted fromreference70Q].

In infraredabsorption or emission, there is a direct transition between two vibrational
energy levels, most often between the vibrational ground siateO) and the first
excited stateg = 1). These transitions are simple gfeton processes; one photon is
absorfed or emitted during the transition. In contrast, Rayleigh and Raman scattering
involve two almost simultaneous transitions processing via virtual states in which one
photon of the incident radiation is annihilated and another photon, either of the same
erergy (Rayleigh scattering) or of lower energy (Stokes Raman) or higher energy
(antistokes Raman) is created (Figure 4Hje virtual excited state will be extremely
shortlived and the energy of the incident photon will be quicklyradiated

Moleculesin the ground state give rise to Stokes Rarsaattering at frequencies
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Vo T wm; Wherewy is the frequency of molecular vibration, given that a change in
polarizability occurs during the vibration. If the molecule happens to be in an excited
vibratioral state when an incident photon is irradiated, the photon may gain energy
when scattered giving rise to aitiokes Raman scattering at frequengies vy. The
differences between the incident frequency of radiation and inelastic scattered
frequencies awespond to the frequencies of molecular vibrations. Rayleigh scattering
is the most intense form of scattering while Raman scattering is a much rarer event
which involves only one in foof the photons scattered. At room temperature, most
molecules are liely to be in the groundibrational state. Therefore the most intense
Raman scattering is normally Stokes Raman scattering .The ratio of the intensities of
the Stokes and ar8tokes scattering dependent on the number of molecules in the
ground andexcited vibrational levelsThis ratio can be calculatécbm the Boltzmann
distributionequation as follows:

‘Nn &n T ( En — - Em)

- exp (12)
A\' m Em /\ T

N, refers tathe number of molecules in the excited vibrational energy layel (

Nm refers tothe number of molecules in the ground vibrational energy lewel (

g is the degeneracy of the levelandm,

En - Emis the difference in energy between the vibrational energy levels,

ki s Bol gcanstanh n 0

T is the temperature

Some vibrations camccur in more than one wayut with the same energgo that
the individual components cannot Iseparately identified;he number of these

components is called the degener@gyi.e.the number oflifferentvibrationalstates
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Anti-Stokes Raman scattering

Stokes Raman scattering

Figure 4.4 Rayleigh aml Raman scattering [Adapted from referencel 10

at a particular energy leveFor nondegeneratestates g will equal 1 but for
degenerate vibrations it cagual 2 or 3A Raman spectrum is normally represented

as a plot of Raman scattering intensity (ordinate) versus wavelength (abscissa).
Normally, the abscissa of the spectrum is labelled as the wavenumber shift or Raman
shift (cm%). This is becausehé energy increas@ntiStokes)or decreaséStokes)

from the excitation is related to the vibrational energy spacing in the ground electronic
state of the molecule and therefore the wavenusnbiethe Stokes and arBtokes

lines are a direct measure of the vibrationargies of the molecule

4.2.3 Fluorescence emissidif®

Fluorescencés caused byhe emission of a photon from the lowest vibrational level

of an excited electronic state, following a direct absorption of the photon and
relaxation of the molecule from its vibrationally excited level of the electronic state
back to the lowest vibratia@h level of the electronic sta{€igure 4.5) A fluorescence
processtypically requires more than f0s while a Ramantransition is completed

within a picosecond or leskaserinduced fuorescence is the most comnsmurce of
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Figure 4.5 Energy level diagram showing fluorescence emission [Adapted from

reference10§

backgroundemission encountered in Raman spectroscopy. Fluorescence spectral
features are much broader than Raman bands, and often appear as a slowly changing
baseline in a Raman spectrum. When the sample molecules are excited into the first
excited electronic sirlgt state by the absorption of the incident photon, the molecules
rapidly relax to the lowest vibrational level of the first excited singlet state. After a
period of time (3110 nanoseconds) the molecules relax back to the ground electronic
state by emittig a photon of fluorescence. So the fluorescence phottower in

energy than the exciting photon. Therefore, the frequency of fluorescence emission

may coincide with that of the Stokes Raman radiation. Because fluorescence emission
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has a much higher quam yield than Raman scattering (often of the order 68f k0

trace levels of fluorescent impurities can lead to the Raman signal being overwhelmed
by the fluorescence background. The fluorescence emission is insensitive to the
process of creation of thexcited singlet stateTherefore, fluorescence can be
distinguished from Raman scattering by its invariance in emission wavelength with
changing excitation wavelength.

4.2.3.1 Fluorescencguenchingmethods

There area number of techniqueshich have beerappliedto overcome the problem

of fluorescence emissiancluding:

a The use of neanfrared radiatiod***

Because the energy of near infrared radiation is lower than that of the electronic
transitions from the ground state in the majoofymolecules, therefore the excited
state is not populated. Two types of NIR lasers can be used to measure Raman spectra.
The first is the diode laser, with the most popular emitting at 785 or 830 nm. Raman
spectra generated with NIR diode lasers can éasored using silicon chargeupled
device (CCD) array detectors, which cut off at about 9500, dimiting the Raman
spectral shift to about 3200 EnThe other popular NIR laser is the Nd: YAG laser,
which emits at 1064 nm; with this excitation sourtiee fluorescence problem is
diminished.CCD detectors lack sensitivity above 1000 nm. Also, the Raman scattering
is inherently weaker because the energy of radiation is lower and the intensity of the
Raman signal is proportional 1® - Wip) . To overcome these problems, Fourier
transform techniques have been invokeddthe measurement of weak Raman signals

at such long wavelengths.

b- Ultraviolet excitatior**?

The absolute frequency of Raman bands varies according to the excitation wavelength
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used, whereas fluorescence emission occurs at a constant wavelength which depends
on the difference in energy between two electronic states of the mol&dute.
provides spectral separation of Raman and fluorescence emissids resulting in

high sign#&to-noise measurements and low detection linhitsaddition,when Raman
excitation occurs within an electronic resonance (absorption) band of a material, the
scatteing crosssection can be improved as much a% T@e resulting Raman spectra

are rather different from normal Raman spectra because resonance enhancement
occurs only for particular vibrations of the chromophore. Hence, the technique can be
used to pick out and identify a molecule in a matrix. Howevamymcompounds
absorb UV radiation which means that there is a high risk of sardplgradation due

to the high energy of the photons in this region.

c- SurfaceEnhanced Raman spectrosc¢pfgERS 113

Surface Enhanced Raman Spectroscapy Raman spectscopic technique that
providesa greatlyenhanced Raman signal from Ranrzative analyte molecules that
have been adsorbed onto certain specially prepaedd| surfaces. Increases in the
intensity of Raman signal have been obsert@the order of1(*-10°. The SERS
spectra obtainedrpvide highly specific and quantitativeformation and are wtually
backgrounefree

d- Photobleaching**

Photobleaching involves irradiating the sample of intenegh intense light for a
period of time. Thdaserlight source for thgphot-bleachingoften induces photolytic
decompositionbreaking down the fluorescent molecules and reducinfubeescent
background. In many cases the molecule causihg fluorescence is ampurity in

the sample Photebleachingmodifies the sample by effectivelyemoving the low

level contaminant and leaving tepecies of interest unchanged.
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4.2.4 Raman cross sectioh®®
The Raman efficiency of a scatterer is usually characterizeitislyross section(l j,
which depends ofi U Q./Réman cross sectids proportional to the probability of an
incident photon beingcattered as a Ramahifted photon with a particular Raman
shift and measured irtm?molecule Although the Raman intensitgepend on
various experimental parameters such aflection geometry, polarizatiorand
wavekngth of the incident light, the cresections tend to be the majodicator of
the intensity of Raman scatteriag these parameters are invariant amddetermined
by the instrument for analytical applicationBor a classical treatmentRaman
scatteringr (in watts)can be relatetb the cross section, witihe laser intensity(lo)
in watts,

Ir=1o0;D dz (13)

Wh e r jeefels to the cross section at the wavenumberis the number density of

scattering speciefnolecules per cubic centimetrahd dz is the path length of the
laser in the sampleThe intensity of Ramascattering is proportional to the cross
sectionlij, with wunits of square centimetres
rel at e@Since uGU/ U

Gj= i Qo-v)* (14)
where L"J,-° is the frequencyndependent cross section a(dy - v ) is the absolute
frequency of the scatteregjlit (in reciprocal centimetres), dawill be:

lr=1o0; (Vo-Vvj)*Ddz (15)
from equation (15) it can be concluded that thensity of a Raman band linearly
depends orthe cross section, density, path ldngand the fourth power of the
frequency of thescatteredradiation The intensity of the Raman bands depends

directly on ¢ - v,-)4 which, in turn, depends on the laser frequendys EBquation is
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based on expressinthe power in watts but sincenodern spectrometerscount
photons, it is more exact to introduégandPrg in units of photons pesecond
Pr=Po 0 D dz (16)

where ﬂf now has a different frequency dependence than that of equation (14)
Since Ir=Prhc(vo-vj) and lo=Pohcvy
so the final expression f& will be :

Pr=Pol; Vo(Vo-V)) *D dz (17)
Therefore, wheriPg is measured as plasts per secondhe Raman intensitgepends
onvo (Vo - V) 3 rather than\( o - Vi) *. Measurement oPr would reuire light
collection over the solid angle df" steradians around tleample In practice, only a
relativelysmall mnge of solid angle is observedone of several scatterirtirections
from the samplesg, it is more useful to define the differentRaman cross secti@as
b (cm? moleculé® sr?), b= di/dq (18)
whereq represents the solid angleafllection.
4.2.4.1 Magnitude of Raman cross sectidf®*1%
Raman cross sections adetermined by quantitatively comparing the Raman signal
for an unknown to that for a standard with known cross sed®aman cross sections
are nearly always very small compared to other competing processes such as
absorption and fluorescence. Ramantscaity cross sections are often 6 toréers of
magnitude smaller than fluorescence cross sectleading to the common problem
of fluorescencenterference.There are several factors affecting the magnitude of
Raman cross sectioh)(including:
1- b is larger for molecules with extendédsystems since the electrons amere
easily polarizedThis can be illustrated byhé increasen b for the series benzene,

naphthalene, and anthracene.
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2- Molecules with only sigle GH, C-O, and GC bonds (e.gglucose) generally have
small cross sections. This can be explained by the signifdiiatence in electron
affinity and therefore high partial charge and localizatioelettrons. So these bonds
are not likely to be strong Raman scatterers.

3- Molecules which containlarge or electromich abms, such as sulfur or iodine,
often have higlb values e.g.He SSbond stretch in peptides.

4- Small molecules without electraich atoms, such as,HCO, and N have small
Cross sections

5- Multiple bond stréches generally have higitoss sectiowalues, which are higher

still if they are conjugated with anotheisystem due to the high electron density and
mobility of theelectronsThese bondare likely to yieldstrong Raman bands.

6- Raman scattering cross secsatrongly increaseith delocalization of electrons.

This can be illustrated by the Raman intensityhe ringstretching band of benzene

at 992 cri which is many times weaker than the corresponding band of anthracene.
Also, conjugated systems ofelectronshave very high Raman cross sections b-g.
carotene due to resonance effecteséhance effects can greatly increasectioss
section when the incidemadiationapproaches an electronic absorptiand of the
sampe moleculs.

7- Vibrations of a molecule as a whole create gfi@aman bands e.the accordion

mode of the saturated hydrocarbon chain (when the hydrocarbon chain as a whole
stretches and shrinks).

8- Raman intensity of stretching vibrationsnsrmally stronger than that of bending
vibrations, because the intensity of Raman scattering is proportional to movements of
electron clouds

9- Amplification of Raman signal occurs when a scattering molecule is adswortzed
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a roughened metal surfaeeg. silver or gold;Raman spectra of such molecules are
termedsurfaceenhanced Raman spec(&ERS).

4.2.5 Raman scattering intensity*'>!23

The intensity of thesignal delivered by the detector of a spectrometer analyzing a

given Raman line can kexpressed by:
S¥ 1ol oNq ToS.. (19)

lpis the laser irradiance at the sample (watts per unit arg#,the differential cross
section for the Raman line analyzed is the number of molecules in the probed
volumeV, q is the solid angle of collection of Raman radiation, dgdnds. are the
throughput of the instrument and the sen
respectively.The Raman scatteringqitensity is proportional to irradiance of the
incident laserlg) which can be increased by increasing the laser power or focusing the
laser beam into a small sampling area consistent with the survival of the molecular
integrity. When a small volume of gaample has to be examined i.e. using
microRaman spectroscoply and q can be modified to compensate for the large
reduction in the number of scattering moleculsn the probed volume/. The
microscope objectives which are high numerical aperture optics (NA) are able to focus
the laser beam into a very small volume and to collect over a wide angle the Raman
scattered radiation from this volume. Thus, the significant increase of the local
irradiancely and the wide angle of collectiaqp compensate for the decrease of the
number of moleculedN in the probed volume. The number of molecules the
probed volume is the product of the sample concentration and the laser sampling
volume V. So, the Raman scatteringntensity is directly proportional to the
concentration of the sample. Referring to equations (13, 14 and15), it can be

concluded that the intensity of the Raman scattering is proportional to the fourth
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power of the frequency of the Ran scattered radiation - v) *. The intensity of

the Raman scattered radiation will be affected by the factors determining the
magnitude of the Raman cross section mentioned at sedtid.(). Also, single
crystals will exhibit different Raman band intensities under different orientations in
sample illumination because of the polarization effects which depends on the
combination of the incident electric vector and the scattering geometry of the
molecular crystal system. This orientation effect is not experienced when examining
amorphous or bulk samples because the molecules are randomly oriented.
Furthermore, the particle size can affect the intensity of Raman scattering. It was
observed thathe Raman signal intensity increases as the particle size decré&bes.

In a later study,hte effect of particle size on Raman intensity has been medsuarad
number of crystalline solidgsing fibreoptic RamanspectroscopyRamanscattering
intensitywas found to decrease with increasing parscte.'” It was concluded that
theoverallRaman signal increases because the-sgdaceRaman signal is increased

by diffuse rdlectance spreadingthe exciting beam laterally, generating additional
Raman scatering in the region of most effent acceptanday the collectindibre.

4.3 Infrared spectroscopy**?

IR radiation does not have enough energy to inducdrefec transitions ashose

seen with UV-VIS spectroscopy. Absorption of I[Radiation is restricted to
compounds with small energy differences in the possible vibrational and rotational
states. For a molecule to absdbradiation the vibrations within a molecule must
cause a net change in the dipole moment of the molecule. The alterlativgcal

field of theincomingradiatiors interacts withfluctuations in tle dipole moment of the
molecule andfithe frequency of the radiationatches the vibrational frequency of the

molecule then radiation will be abbed, causing a change in the plitude of the
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molecular vibrationThe motion of the atoms during vibration is usually described in
terms normal coordinat€&). The molecule is only promoted to the excited sifaits

dipole momentg changes duri ®@d t0Ohe awsddtytahtei o n
fundament al bands i n | R Q%prhecenergy difierencep r o p o
for transitions between the grousthte ¢ = 0) and the first excited stafg = 1) of
mostvibrational modes corresponds to the energy of radiatidcherMIR spectrum

(4001 4000 cn).

4.4 Selection rules of Raman and IR spectroscopy”!

A vibrational mode will only appear in tHeaman spectrum the displacements in

atomic position change the polarizability of the molec@enversely, a vibrational

mode is IR active when there is a change in the molecular dipole moment during the
vibration. Hence, vibrations that give rise to strong Raman bands often weak IR bands
andvice versa Thi s characteristic gives the d
Raman and IR spectroscopy together for molecular structural elucidafibren a
vibrational mode is allowed under both electric dipole and polarizability selection
rules, the observed frequency will be identical. Owing to the different nature of the
selection rules, however, the intensities of corresponding bands may exhibit
considerable differences. Generally, symmetric vibrations anepalam groups yield

the most intense Raman scattering bands, whereasyamtetric vibrations and polar
groups yield the most intense IR absorption baRds example, some of the strongest
Raman peaks come from functional groups such as C=&;,&=N, GH, and GS

which have low polarity and high polarizability. In contrasie tarbonyl vibration

(C=0) has a dipole and occurs strongly in IR absorption, whereas although it is active

in the Raman spectrum it occurs with weaker intensity. Molecular symmetry can also

play a role; for the carbon dioxide molecule, £L@he symmetricstretch ofC=0
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bonds there is nmet dipolemoment changand so there is no infrared activity.
However,in the asymmetristretch, the two C=0 bonds becowfedifferent length
and, hence, the molecular vibration generatdgole. herefore, the vibradn will be
infraredactive Similarly, the Q' H stretching vibration is vergtrong inthe IR, but
very weak in Raman, because ®bhds are only weakly polarisabB®ecause of this
water is practically invisible in Raman spectroscopile it dominates ta IR
spectrum

When the molecule has a centre of symmetry, thke Bf Mutual Exclusion applies
which states that, for a molecule with a centresginmetry, the fundamentals which
areactive in the Raman spectruamne inactive in the infrared spectrum wresthose
active in the infrared spectrum@re inactive in the Raman spectrum; tlstthe two
spectra are mutually exclusivEhe definition of the centre of symmetry is that any
point in the molecule reflected through the central point will arrive at an identical
point on the other side. An example of centrosymmetric molecule jsf@Qvhich

the symmetric stretch is Ramantive and IRforbidden; the asymmetric stretch is-IR
active and Ramaforbidden.

4.5 Characteristic wavenumbers of Ramaractive molecular vibrations 5

Some vibrational modes can be attributed to individual functional groups and others to
vibrations of the whole molecular structure. Those vibrational modes which can be
attributed to individual functional groups (characteristic group vibrations) can be
described mathematically if the two bonded atoms are imagined as two vibrating
masses connected byspring. The relationship between the frequency, the masses of

the atoms involved in the vibration and the bond strength for a diatomic molecule

(AB) is given bv Hookeds | aw:
1 I
v— s (20)
2m'\r’p
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wherec is thespeedof light, K is the force constant of the bond betwéeand B, and
€ is the reduced mass of atomsnd B of masses Mand Ms;

M\ Mg
- M A + M B (1)

This law illustrates that the frequency of the vibration depends on the strength of the

K

bond as well as the masses of the vibrating atdie.lighter the atoms, the higher

the frequency will be.Thus QH vibrations lie at higher frequency thaoi |
vibrations The force constant is a measurebohd strength.The stonger the bond,

the higher thefrequency will be The frequencies of stretching modes of multiple
bonds are higher than those of single bo
> Ci C. Bendingmodes occur at lower frequencies than stretching modes involving
the same functional group as the energies required to bend the bond are lower than
those required to stretch them. Also, Raman spectrosaopidps information about

the vibrations offunctonal groups in a moleculdherefore, the functional groups
present in anolecule can be deduced from a Ransgectrum Table (4.1) shows
typical wavenumbers of some functional groups. The literature contains exhaustive
tabulations of vibrational group wanumbers which the investigator can use to aid in
spectral interpretation. Howevespme ambiguity will arise in the assignment of
molecular vibrationgo band wavenumbers in Ramapectra, whicloccurs because

of the overdp of the spectral ranges of sleeharacteristidunctional groups. So it is
necessary to resort to other spectroscopic information for the clarification of band
assignments such as band intensities and the comparison with simplified model
spectra.

4.5.1 Effects of adjacent groups on vibrational wavenumbets$!® 122

Examples of the originand diversity of the observed wavenumbers for important
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Table (4.1) Typical wavenumbers for stretching modes for CN, Ci O and Ci C
functionality [Adapted from reference 115.

chemical molecular functionalities are provided by tagbonyl group (C=0). The
factors affecting functional group wavenumber position include:

1- Mass eféct

The wavenumber of the vibration is independent of the masses of the other atoms on
the molecule. This can be exemplified by an aldehy@=0) that occurs at 15 ¢h
higher than the corresponding ketone. The electronic effect is much more important
arnd exemplified by the wavenumber of acid haliggsC (Cl)=0) in the range 1810

1775 cm® while the amidev (-C (NH,)=0) occurs in the range 16940 cnt,
despite the fact that the Nigroup is less than 50% of the mass of Cl atom.

2- Electronic effect

The polarity of the carbonyl group §&=0) causes a decrease in the bond strength
and the C=0 bond stretching force constant. If the adjacent atognoop X is

electron attractinghe polarity of the bond is reduced and ¥{€=0) wavenumber is
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increased. This can be illustrated by the shift @€=0) in acid chloridé RC(CI)=0)
at about 180@m™ to 1715cm™ in R,C=0. Also, a second electronic effect arises
from mesomerism, in which the nonbonding electron of an atom attaoh#te
carbon atonof the carbonyl bond can be donated to the oxygen atom of the carbonyl.
O O
| |+

R—C— X R—C—X

This resultdn a weakening of the (C=0) force constant and a strengthening ofvthe
(C-X) force constani.e. decreasing of the wavenumber positionvgiC=0). The
proximity of an electroswithdrawing substituent causes an inductive withdrawal of
electron density from around the oxygen atom, thereby shortening the bond. This
increases the force constant drehce the wavenumber of the vibration. Furthermore,

an electronic effect can arise from conjugation in which the double bond character of
the C=0 is reduced, astiv contribution of the type=C-C=C «—> ~O-C=C-C"].
Thisresults in a shifting of the (C=0) to a lower wavenumber.

3- Bond geometry effects

The interaction force constant between the CX and CO bonds changes as the internal
bond angle changes consequent upon geometry changes which will affe¢(Ct@®)
wavenumber. This effect can also be illustrated by the change in wavenumber of the
v (C=C) with local symmetry and conformation changes. Here, the trans conformer is
observed at 1662 chwhile the cis conformer is observed at 1644'cm

4- Hydrogen bondig 2%

Compounds containing proton donor groups such & &d NH can be involved
intra- or intermolecular hydrogen bonding in the presence of proton acceptors e.g.
O,N, halogens, and C=C. The stiffnesshad X-H bond is thereby lesseneesulting

in a lowering of the stretching wavenumbaeaspion, and the band broadefihese
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effectsare particularly significant in the spectra of alcohols, phenols, carboxylic acids
and amides.

4. 6 Raman versus Infrared spectroscopy?

Thereareseveral advantages of Raman spectroscopylBvgpectroscopy

1- Unlike transmission IR spectroscopyansple preparation is not required and
samples can be analysed directly without destroying the sample.

2- Since water is a weak Ramagatterer, Raman spectra of samplesadueous
solution can be obtained without major interference from weitanations. Thus,
Raman spectroscopy is ideal for the studies of biologioahpounds in aqueous
solution. In contrast, IR spectroscopy suffemrfithe strong absorption of water.

3- Raman spectra of hygroscopic and/orsa@nsitive compounds can bbtained by
placing the sample in sealed glass tubing. In IR spectroscopig tios possible since
glass absorbs IR radiation.

4- In-situ or in vivo analysis as wkehs analys with optical fibres are moressily
carried out by Raman spectroscopy which demonstrateffettigility and versatility

of Raman spectroscopy comparison with IR.

5- Since the diameter of the laser beam is normalB/mm, only a smalkample
volume is needed to obtain Raman spectra. This is a great advantage over
conventional IR spectroscopy when only aainquantity of the samples available.
Also, the spatial resolution of Raman miegpectroscopy isery high (1) compared

with the spatial resolution of IR microscopsichis about 10 mm.

6- Lattice modes which appear below 200 tman be examined using Raman
spectroscopy as Raman instruments allow spectral data to be obtained to within 50
cm’ of the inciden laser whereas IR data can normally be obtained to approximately

400 cm'* unless special instrumentation is adopted. This gives Raman spectroscopy a
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very big advantage over IR spectroscopy where low wavenumber bands can be quite
definitive for sample iddification and characterization.

7- There is a specidlpe of Raman scattering known #se resonance Raman (RR)
effect that has no counterparttime IR. The resonance Raman effect is an effect
which intensities of Raman bands asignificantly incresed in casesvhere the
wavelength of the excitatioradiationoverlaps with an absorption bantithe sample
molecule. In addition to huge signal enhancement, wisignificantly increases
sensitivity, resonance Raman spectroscopy allows for seleakamnation of a
particularchromophoren the moleculeTo the contrary, IR spectroscopy only allows
for theacquisition of average spectra of the sample.

4.7 Instrumentation

There arewo major instrumental approaches used to collect Rapaatra; Fourier
transform Raman and chargecoupled dewie (CCD}based dispersive Raman
spectroscopyEach technique has unig@elvantages and each i@y suited to
specific analys The technologies diffem the lagr that is used and the way the
Raman scatterings detected and analyseldecent developmental advancsesch as
the availability of less expensive and more sensitharge coupledaVices (CCDs),
the availability of holographic notch filters and thavent of Fourier transform Raman
(FT-Raman , launched a renaissance of Ransgectroscopys aroutine laboratory
technique

4.7.1Dispersive Raman spectrometers 12!

The basic configuration and components of a dispersive Ramaimospeter are the
laser excitation source, sample illumination and collection optics, a spectrometer and a

detector (Figure 4.6).
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a Laser

The source of monochromatic radiation is a laser which could {w®a@liedargonion

(488 or 514 nm), doubled contious wave neodymium yttriuraluminium garnet
(Nd: YAG or Nd:Y3Als0;2) (532 nm), heliurmeon (633 nm), ostabilized diode (785
nm). The stability of the laser radiation is a key attritafta good spectrometer, and
good stability is essential for good fuion. Frequenctabilization of the laser under
standard laboratory conditions (sligtemperature fluctuations, vibrational effects,
etc.) is required. Laser lifetimesd cost are also considerations of choice to use the
laser. The advantage of using ehter wavelengtHasers is the enhancement in the
Ramansignal that occurs at shorter wavelengihise efficiency of Raman scattering
isproporti §msatheretisoa stohg-enhancementttes excitation laser
wavelength becomes shortebne additional consideration associated with laser
selection in dispersivRaman systems concerns the use of wavelengths that could
potentially generatenolecular florescence. As the intensity of the Raman scattering
is fairly weak, fluorescence emissigcanbe so intense as to mask the scatt&aahan
photons Fluorescence occurs when the virtwadergy level overlaps real excited
electronic level, sas the energy of the laser gets higher (shorter wavelength), the
likelihood of fluorescencencreases. The gmomenon is excitation wavelength
dependent, so aample that fluoresceat one wavelength may not at anothir
fluorescence does npbse a problem for a given sampsborterwavelength lasers
are theexcitation sourcef choicebecause of the enhanced sensitivityluorescence

is a problemor samplescan potentially bedamaged when usinipese higkenergy
sources,then even lower energy sourcesuch as those used in Fowtiemsform

Raman spectroscopy, can be used to minimize the fluoresefects

64



diffraction |

grating
holographic / \

microscope ‘ CCD detector

— fiters sit

[ ) ]

sample

beam expander laser

\ 0-0 ll -

Figure 4.6 Schematic repesentation of a dispersive Raman spectrometer
[Source: Renishaw plc.]

b- Optics

In a dispersive Raman spectrometer, the sample is positioned in thedaserand
the scattering radiation is collected either in a°1@0e backscatteringhethod) or a
90° (the rightangle method) scattering configuratiddispersive spectrometers are
equipped with efficient light rejection filtet® suppress th®ayleighline and stray
light. Frequently used filters are dielectric notch and edge filters, holograptub
filters, and absorption filtersHolographic notch filters have revolutionized Raman
spectroscopy by providing excellent attenuation of Ragleigh linewhile passing
bands as near to it as 661 '. They also exhibigood transmission in both ti8tokes
and antiStokes regions.

c- Spectrometer

The primary function of the spectrometer is to allowtf@separation of the scattered

radiationaccording to wavenumbers leading thereby to the appearance of the Raman
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spectrumDispersion of light by a diffraction grating, shown schematicallfigure

4.7, is the principle of the most common type of dispersive wavelspgttirometers.

A spectrometerdispersesradiation along a focal plane. Apgctrograph with a
multichannel detector at the focal plane is a key component in wtichannel
spectrometer. If aBxit slit is placed at the focal plane, a small range of wavelengths
(the bandpas) is transmitted, and the device & monochromatorGratings have
many lines or grooves blazauo the surface, which disperse the incoming light. The
higher the number of grooves on the grating, the wider the dispersion antje of
exiting rays It is necessary to have many grooves (for example, 1800 or 2400
lines/mm) for a highresolution spectrum, in which very closely spaced wavelengths
must be distinguishedhe higher the dispersion of the exiting rays, the larger the area

over which the differentvavelengths will lie when they reach the detector surface.

to focal plane and

/' detector
> A= A, ho /v
A, (small AvV)
X, (large Av)

< from sample (Ao + A+ A5)

diffraction /

grating
wavelength, nm
200 900 1000 1100
1 l i | §
I | [ | I
0 1000 2000 3000 4000

Raman Shift, cm™! relative to 800 nm

Figure 4.7 Schematic of wavelength dispsion by a diffraction grating [Adapted

from reference 109
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With a fixed detector size, there is a point (resolution) beyond which not aheof
Raman wavelengths fall on thedetector. In cases of higher dispersion (high
resolution), it is necessarp move either the grating or the detector to collect
sequential regions of the spectrur@ratings disperse the light according to
wavelength, notvavenumber, resultingn a linear spread of wavelengths at the focal
plane of the spectrometddowever, if the same range of wavelengths is plotted as
Raman shif, the dispersion is nonlinedrhe nonlinear dispersion of Raman shifts is
fundamental to weelength dispersive spectrometers because the physics underlying
dispersion is based on wavelength rather than energy. The main consequence of this
nonlinear Raman shift dispersion is roonstant spectral resolutioe. the dispersion
becomes greater &igher wavenumbers (cH). For this reason, spectral resolution
must be stated for a specificavenumber ah will vary across the spectrum and as
gratings are blazed for optimum throughput over a relatively narrow wavelength
range they should be selectetbr the desired resolution and for theorrect laser
wavelength

d- Detector

For dispersive systems, a chagmipleddevice (CCD) is typically utilizedCCD
cameras & commonly produced from silicon aednsist of twedimensionalarrays

of pixels (e.g., 25& 1024) that each can be considered asdapendent detector.

Photons usually in the 2001100 nmrange areabsobed by the silicon in the pixel

and produce electrons that are stored within it by a system of electrode£CD

will accumulate photoelectrons in its arnaixels that corresponb particular Raman

shifts. Thent he CCD oiug ofiredadt r oni c akumylatedared t he
converted to a digital value for storage in a compuidére horizontal pixels are

calibrated so as to correspond to thhavenumber axis, while the vertical pixels
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actually measure the strength of tRaman signal. ie image on the CCD is
considered aan electronic picturef the Raman signal that is then converted into a
spectrum.One of the most important features of a CCD is its quantum efficiency
curve that displays the probability of generating a photoelectron versus the ehergy
radiation. Such curves usually peak at around 600 nm and zero after 1000 nm thus
limiting the wavelendt range of the lasers that can be u$ext.a dispersive Raman
systemwith an excitation laser source emitting 280 nm,the 3000 crit response
(corresponding tothe GH stretch region of the spectrum) results 1618 nm
radiation. Many common CCDs havery weak responses for the higher wavenumber
response of the NIRaser, and going any higher in laser wavelength rapidly
disqualifies theCCD as a viable detector

4.7.1.1 Raman microscopy 1?2

Raman spectra can be acquiredaosmall amount of material through the use of a
microscope. The use of a microscope allows the operator to view the sample optically,
select any part of interest, focus the incident radiation and collect the Rpectna
However, the optical coupling betese the microscope and the spectrometer must be
optimized from the sample to the detector and along the optical path. A schematic
diagram of the widely adopted laser focusing, sample viewing and light collection
geometry is shown in Figuré.6. Most commercial Raman microscope systems
utilize confocal microscopy to increase the axial resolutibn.the confocal
arrangemen(Figure 4.8) the microscopeontains a pinhole in its focal plane, which
enables only light focussed on tlpdane containing thesample to be collected
efficiently. The pinhole filter stopmsost other lighoriginating from outside the focal
planesince it is not focussed sharply in the plane of the pinMglthout the use of a

pinhole, the same confocal axial discrimination caadieeved if the observed zone
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of the sample as wedls the entrance slit of the spectrometer is optically conjugated to
the array of the pixels of the multichannel chacgapled device (CCD) detector
(Figure 4.6).The microscope objective focuses theselabeam into a very smal

volume and collect the the lightattered by this volum&here are two volumes that

/ Pinhole

aperture

Relay optics

Figure 4.8 Diagram for a confocal Raman setup [Adapted from reference 109

are significant: the focalolumedefined by the focused laser beam and the scattering
volume defined by the collectiooptics of the Raman microscope. For the highest
spatial resolution, without intensitgss, these two volumes should be about the same
size and be superimposethe diameter othe waist ¢) of the diffractionlimited

focus beam can be given by :

wmrn(2) o

w h e r is thealaser wavelength,is the focal length of the lens, aiy , is the

effectivebeam diameter at the leriBhe depth of focul,;, can be taken as the distance
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betweenthe points, either side of the focus, where thensity of the beam falls to
half of its maximum value: .
- L
h, = 2.53A (Df) (23)

The focal volume) defined byd, , andh , is thus approximately cylindrical and of

magnitude

7, = 3.21A° (i) (24
D,

This volume can be used to estimate approximately the number of molecules being
interrogatedin the system at any time. The ratio/ (D, ) is closely related to the
numerical aperture , which is defined by NAn=s i RaxWtieren is the refractive

index of the medium between the lens and the foauss(1 i n ajadisthe and
maximumacceptance angle of the objectig®,jJU ( N A)

The main advantages of confocal microsc@pyhe improvement of both the lateral

and axial resolutions dept h di scr i mi nabopticals pct wafhc hga
transparent specimentlsing amotorized stage slective mapsand imagesof the

sample depicting the distributionf a given molecular speciegsmn be obtainedy
programming it to obtain Raman spectra as a guer the surface of the sample.

Using a judicious selection of naverlappingRaman bands, the spatial distribution

of all the molecular compounds present in the specimen can be mapped out
separatelyfhe motorized stagean also be programmed to obtain Raman spectra
through the dept of the sample @pthprofile) with a maximum dpth resolution of

1-2 micrometer in transparent materidRaman microscopy is adwiageous than IR
microscopy in this regards, #te limiting spatial resolution is on the order ef 1 X 1 ¢

in Raman micrespectroscopy whilei t I s around 2 @Qred X 2

microspectroscopgue tothe lower wavelengththat can be used.
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4.7.1.2 Fibreoptic Raman spectroscopy'®11¢

The versatility of Raman spectroscopy has been extended by the use -oipfibre
probes. Tansmission of visibleand neaiinfrared (NIR) light is quite efficient in
modern optical fibers, so trepectrometer may be located a significant distance from
the sampleand Raman spectra&an be obtained remotely many metrer even
kilometres away from the spectrometé&or example, the sangimay be in a pipe in

a chemical plant or in a hazardous environment whateh sampling is impractical.
Furthermore, a chemical process may be monitooeshtinuously process
monitoring), and the analytical dataay be used to control the chemical praces
(process control)Materials which can not be introduced into the spectrometer due to
their physical size or hazardous nature can have the beam brought to the sample
surface. Also,healignment of laser, fibers, and spectrometer may be designed so that
samplingrequires litle or no additional alignment which is advantageous compared to
conventional Raman spectrometé&hse laser light is carrieFigure 4.9to the sample

by an excitation fiber, antthe scattered light is returnedttee spectrometer by one or

laser —»

n around 1 probe

e

collection
fiber(s)

4 around 1 6 around 1 18 around 1

Figure 4.9 Schemaitc of the n-around-1 fibre-optic probe [Adapted from
referencel09.
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morecollectionfibers surrounding the excitation fibrat the sample, the fibeemight

be terminated as a simple bundlepafallel fibres, or a more sophisticated probe head
containing focusing opticand filters In probe heads, the filmeare used tagonvey
light from the laser to the probe head and the head to the spectrohesises,
bandpass filterand holographic regtion filters are housed into the probe head to
remove thesilica background and reject the elastic scatereturning from the
sampleto the spectrometeRepending on the probe head configuration, the collection
fibers returningscattered light tohte speabmeter range from a single féof 50 to
200em diameter ® a bundle of as many as 36réb with diameters of 50 to 5G0n.
Furthermore, the spectrometer input aperture may be a slit of perhapa@ttan

width in a dispersive spectrometerabcircular aperture of a femillimetre diameter

for an FFRaman system.

4.7.2 Fouriertransform Raman spectrometer'19610912]

Many FT-Raman instruments are adaptations of existingRE§pectrometer and the
components of an FIRaman spectrometer ashiown in figure 4.10All currently
available commercial FRaman spectrometers useodymium yttrium aluminum
garnet (Nd:YAG) lasers operating at 1064 nnihe use of dng wavelength is
necessary tavoid exciting fluorescence, but long wavelength resumita loss in
scattering crossection since the Raman scatterimgsssection is proportional to*.
The laser is directed to the sample eitlwer180° or 90° geometry Since an
interferometer has a larger aperture than the slit of a dispersive/CCGinsiyss not
necessary to focus the laser to a small spot. An unfoarseeakly bcused laser is
advantageous ifFT-Raman because it lowers tpewer density at the sample and
relaxes the tolerances on alignment of las®ilection optics, and sampldhe

scattered radiation from the sample then pass through a filter module which remove
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the rayleigh line.Then , the scattered filtered radiation pass through an aperture called
a Jacquinot stop which permits control of the degree of collimation in the
interferometerand excludes severely ediis radiationThe filtered radiation then
passes to an interferometer where it is split by a beamsplitter into two beams of equal
intensity.Using moving and fixed mirrors, one beam is subjected to an optical delay,
and the two beam are then recombine.Whecombined, the two beams interfere
producing either a constructive or destructive interference pattern.The modulated
radiation leaving the interferometer dérectedtoward the detector which measures
variationsin the intensity of the emergent beam agunction of the difference in

path lengthThe interferogram is the sum of the cosine waves for all of the wavelegth

50% beamsplitter fixed mirror
B S T
2l
moving mirror
= \ v
3 b
il v
. ? BP filter
—_
(7}
, e B 7
BR filter [ ] =
detector

Figure 4.10Schemaic of FT-Raman spectrometeffAdapted from reference 109.
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elements in the polychromatic source.The interferogram is then converted into a
Raman spectrum of signal intensity agaimstvenumber by the Fouritransform
operation.Indium gallium arsenide (InGaAs) or liquititrogencooled germanium

(Ge) detectors aresuallyused for FFfRaman spectroscopy. These detectors are very
sensitive, but ar@oisy and still less sensitive for neainfrared radiation than the
silicon CCD is for visible radiatian

4.7.3 Dispersive versus nodispersive Raman spectrometers?!

1- The use of UWisible lasers as excitation sources in dispersive systms increase
the Raman scattering intensity ( dependent onvthef the excitation frequency) so
short acquisition times are required to obtain the Raman data. It also offers a high
sensitivity when coupled with low noise CCD detectors in contrast to to the relatively
high level noise and low sensitivity of the gernoam detector. The scattered
radiation is dispersed by the diffraction grating across an array of pixels on the CCD
detector and the intensities of the incident light at all frequencies are analysed
simultaneosly (multchannel advantage). However, theegrity of the sample may be
compromised and fluorescence emission may occur due to the high energy power of
these lasers. Moving to the near infrared excitation at 1064 nm inhibits the onset of
fluorescence but reduces the Raman scattering intensityodtiee trelatively low
enegy power of neaimfrared lasers.

2- A gratingbased dispersive spectrographith a CCD at its focal plane
(multichannel spectromefemonitorsmany wavelengths simultaneously aaatuires

a spectrum faster than scanning, singkehannel system that must monitor each
wavelength in turn This is called themultichannel advantage.A multiplex
spectromete(FT-Raman) does not separate the different wavelengths scattgred

the sample but rather modulates thdnfrequencies dependean theirwavelengths.
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The result is a single beam, detected by a single detector, wbittans all
wavelengths of intere§ince each wavelength is modulatea differentfrequency, a
Fourier transform of the multiplex detector outpyields a Raman spectrum
(multiplex or Felgett advantagéhis difference between multichannel and multiplex
approaches has majeffects on the characteristics of the Raman spectrum, in terms of
resolution, spectral coveragesignal magnitude, and sighatio (SNR) For
multichannel and multiplex approacheghe simultaneous measurement over the
whole spectral range results in an improved S/N ratieR&EMan system also offers a
constant spectral resolution over the whole spectral range.

3- In dispersive spectomete the dispersed light entering a monochromator must
enter through a narrow slit so a fraction of the Raman scattering is lost. In addition ,
reflective losses from gratings and mirrors exacerbate the situation. On the other hand,
the entrance of an inferometer is a large circular hole which allows high throughput
of scattered radiation to the detector (Jacquinot advantage).

4- In theory, all spectrometers can show an improved S/N ratio if the spectra are
averagyed. In dispersive Raman systems, frequency percision and accuracy depend on
calibration with external standard e.g. silicon and the ability of electomechanical
mechanisms to uniformily move gratings and slits during and between the scans.
Displacement ears due to mechanical wear may result in band shape distortion and
low S/N ratio. Internal caliberation of the interferometer against a heirwon laser
provides exceptional wavenumber reproducibility , which facilitate the superposition
of spectral datdaccumulation) and data subtraction e.g solvent, background. This is
called the Connes advantage.

5- Both dispersive and nedispersive instruments provide the same spectral

informationand both offer all the advantages of RarspactroscopyHowever, one
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technique is recommended over the other for some situati®herter laser
wavelengths and more sensitive CCDs make the technique ideal for minor component
analysis, offering low detection limits for such applications as impurity analysis in
solutions,paymers or environmental samplingaman spectroscopy offers the ability

to measure vibrational spectra of aque®asnples.aqueous samples, ca be
analyzed using FRaman spectroscopy aster has strongiteractions in the near
infrared region antherefore, laser radiation and Raman scatter aresositeptible to
absorbance by water. Dispersive Rarspactroscopywith visible laser excitation, is
oftenmore sensitive for aqueous samples because watanbabse of the radiation is

not presentThe confocal approadmas been used in dispersive systems and as long as
fluorescence is not a problem, the highest apatisolution can be achieveBT-
Ramanspectroscopys the best choice in situations where samples fluoresce or are
likely to containminor impurities that may fluoresdéis is because of the use of
longer excitation wavelengths at the near infrared region (commonly 1064-mm).
Raman has experienced great success in forensic antidysegh sample containers

or evidence bags, negatingetneed to break the container sétahas been used to
analyze illicit drug substances, clandestine lab samples, explosiveBbassd In
particular, street drugs and clandestine lab samples often fluoresce with visible laser

excitation but can be analgd by FFRamanspectroscopy
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Chapter 5

Raman Spectroscopic Analysis of Drugs of Abuse and Explosives

5.1 Advantages of Raman spectroscopy in forensic scierte1221%

Raman spectroscopy has been shown to be an effective technique for several forensic
applications. Recent technological advances in Raman spectrometers have broadened
the use of Raman spectroscopy in forensic applications. Raman spectroscopy produces
molecuar-specific spectra and, in most cases, sample preparation is minimal, allowing
for the nondestructivein-situ analysis of tablets, powders, and liquids. This is
particularly important with regard to the speed of analysis, prevention of sample
contaminabn and preservation of evidential material. many cases, FIR requires
sample preparation, su@s a KBrdiscs andNujol null. These procedures are time
consumingdestructive, or bothin Raman spectroscopic analydise preparation of

KBr disc is not required which allow noedestructive analysis of the samplEhe
presence of water in the sample does not interfere with the analysis since water has a
very weak Raman scattering. Thus, contrary to infrared spectroscopy, studies by
Raman spectroscopyi also be conducted in aqueous solutions. The 1064 nm near
infrared excitation lasers used with Fourier transform Raman systems have enabled
the acquisition of Raman spectra from samplest fluoresce with visible laser
excitation Dispersive Raman instments using laser wavelengths ranging from the
visible to the neaimfrared region have greater Raman scattering efficiencies.
Combined with sensitive charge coupled device (CCD) detectors, these systems have
a more general use than FT Raman systepesding at 1064and have been applied

for a wide range of sample analysis. Aldte use of a microscope allows Raman
spectra to be acquired from particulate contaminant and trace amounts of samples

which have a considerable interest in forensic scieMmst commercial Raman
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microscope systems utilize confocal microscopy to increase both axial and spatial
resolutions. This makes it possible to examine a surface, such as that from a tablet or
fingerprint, to obtain either an image of the surface undemibeoscope or to map a
larger area. Additionally, fibre optic probes are used on dispersive systems to sample
norrinvasively through containers and plastic bags. The greatest advantage of the use
of fibre optics in Raman spectroscopy is the ability to damemotely without
restrictions imposed by sample illuminator geomelhein-situ analysis of drugs and
explosives is desirable to avoid evidence contamination or risking operator exposure
associated with sample manipulation. Fibre optic probes cotgributhe application

of small robust Raman instruments designed for field use. The attractive features of
portability and ease of sampling indkd in these instruments alloviseir use in

crime scenes along with other analytical instrumentations whereatalysis of
potentially hazardous matals is conducted. This enablfsensic scientists and law
enforcement agents to avoid the risk of transportation of hazardous materials back to
the laboréory and minimise the removal of samples from crime scenes.

The following sections will address the applications of different Raman spectroscopic
techniques for the forensic analysis of drugs of abuse and explosives.

5.2 Applications of Fourier Transform Raman Spectroscopy

5.2.1 Analysis of drugs of abuse

Fouriertransform Raman spectroscopy has been applied for characterization of pure
drugs of abuse namely amphetamine, cocaine hydrochloride, and heroin. The
technique was also applied for identification of these drugs in cut samples. Although
the pure sanips give excellent spectra for identification, some cutting agents were
highly fluorescent so preventingthe identification of the drugs**®® FT-Raman

spectra were recorded for pure and street illicit drug samples, together with explosives

78



(Semtex) samps. To overcome the problem of sample alignment, the lsamyere
pressednto a 2 mm cup which was mounted onto a brass rod that could be easily
removed, loaded with a new sample and replaced, exactly in its original pd&ifion.

Two systematic studgeof the vibrational, infrared and Raman, spectra of a series of
benzodiazepines were reported. The studied drugs have stroagednind Raman
spectra, which argery rich in spectral features:T-Ramanspectroscopy has proved

to be asimple and rapid m#od for obtaining fluorescendece spectra of drugs

and pharmaceuticals'®'?? and has been applied for the identification of
methamphetamine and its related compounds such as amphetamine sulphate and
ephedrine hydrochloridé®® There were clear differencesbserved betweerthe

Raman spectravhich wereadequate fothe spectral differentiation of the compounds.
Also, good quality spectra of methamphetamine could be obtained through plastic
packaging without removing the drug frame bagHigh quality FTFRaman spectra

were measured for 200 standard samples containing controlled substances, related
isomers and prescription drugs. Using this relatively long wavelength, almost all
samples could be analyzed without the problems ofrdke®ence associated with
conventional dispersive Raman instruments. These spectra were used to create a
spectral database, or library, against which unknown samples could be searched and
identified. **¥ Complementary spectroscopic studies of a rangdleafal drugs and
explosives using FourigransformRaman and Terahertz spectroscopies/e also

been carried out'*?

5.2.2 Analysis of Explosives

FT- Raman spectra were acquired from a wide range of aromatic nitro compounds
including explosives™? and dentification of the explosives RDX and PETN in three

Semtex samples has been repoft&H.The technique has been applied to characterize
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neat energetic materials and some propellant formulations containing those materials.
It was found that onlyhe crystalline components of the propellant formulations are
easily observed by FRaman spectroscopy. Also, it has been shown that darkly
coloured samples are difficult to analyze because theprhbthe incident near
infrared radiation and pyrolyze or ignite. Furthermoréhe technique has been
extendedto the investigation of crystalline components of propellant formulations
during heatindg®*>**¢ FT-Raman spectra have obtained from 32 explosive materials.
The explosives could be disguished into three classes according to Raman spectra,;
the nitrate esters containing the-QRNO,) group, the nitbaromatic containing the
(Ar-NOy) group, and the nitramines containing theNR(NO,)-R group. Few
explosives e.g. Semtex and Tetryl areeptional because they are either structurally

or compositionally different from the majority of the explosives studféd.

5.3 Applications of Raman Microspectroscopy

5.3.1 Analysis of drugs of abuse

Ramanmicro-spectroscopy has been applied forittentification and characterization

of eight barbiturates. All the barbituratetudied could be distinguished from each
other by their characteristic Raman spect’d® Raman spectra of cocaine
hydrochloride in crystalline and saturated aqueous sohkitltave been recorded.
13910 vvi brati onal- abad +yyHroxgbutycafes using infrared and
Raman spectroscopies with an assignment of the fundamental vibrations has been
given. ™ A range of narcotics and expless was examined using Baman
microscopeoperating at 244 nm in the UV regio8pectra were obtained from pure

and contaminated samples. The relatively shorter wavelength was chosen to exploit
the resonance Raman effect, thereby enhancing the band intensities. Also, there was

no cetectable fluorescence background, even wilvily contaminated samples.
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However, UV-Raman is inherently a costly technique and it suffers from the problem
of possible sample decomposition caused by the focused UV excitatiof'4aser.
Composition profiling of seized ecstasy tablets using Raman microspectroscopy has
been reported. The spectra obtained allowed the active drug and excipients used to
bulk the tablets to be identified. Although the seized tablets have similar physical
charateristics, there was considerable variation in the composition of the taitlets
regard tothe excipients used to bulk the tablets and the degree of hydration in the
MDMA feedstocks used to manufacture them. The highly det&lachanspectra
obtained ca be translated into information that is not readily available from other
analytical methods and would be useful floe tracing of drug trafficking networks.

[143 | dentification of MDMA and related compounds in seized tablets using Raman
spectroscopy hadeen undertaken. Both the drug and the excipients could be
identified by their Raman spectra even when more than on compound has been used
as the bulking agent and the relative bands intensities of the drug and exipients could
be used for quantitative dysis.**¥ In a large study, approximately 1500 ecstasy
tablets from differentforensic seizures were analyzed by Raman spectroscopy.
Although, all the tablets contained MDMA as the active constituent, there were very
significant diferences in their Raam spectravhich were attributable to variation in

both the nature and concentration of the excipients use and /or the degree of hydration
of the MDMA. **¥ Raman microspectroscopy has been applied for the detection of
drugs of abuse in latent fingerpsit*® and in cyanoacrylattumed fingerprintst**”

The substances studied could be clearly identified using their Raman spectra and were
all successfully detected in undeveloped latent and cyanoaefytagsl fingerprints.
Potentially nterfering band arising from latent fingerprint material and cyanoacrylate

polymer were present in the spectra of thegdrbut hese bands did not prevahe
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unambiguousidentification of the drugs of abuse. Raman spectroscopy has been
applied for the analysis of dragf abuse in latent fingerprints that had been treated
with powders and also subsequently lifted with adhesive tapes. The application of
powders to contaminated fingerprints did not interfere with the Raman spectra
obtained for the contaminants. Also,darfering Raman bands arising from the lifting
tapes could be removed by spatisubtraction or by the selectiaf specificlifting

tapes that have weak Raman bahtfs** Raman spectroscopic detection of drugs of
abuse on textile fibres after recovery with adhesive lifters has been reported. Raman
spectra from particles of drugs of abuse within fibres following tape lifting were also
recorded through evidence bad¥ Raman microspectroscopy has also been applied
for the identification of single drug crystals on US paper currency. Unfortunately,
there was significant fluorescence backgroemussionin the Raman spectra of the
drugs especially from dollar bills which dhvdveen in circulation relative to those which
had come directly from the bank®” In a later study, the authors described two
methods for reducing this fluorescence backgroemdission namely photobleaching

and background subtractidi®?

5.3.2 Analysis of Explosives

Raman and infrared spectroscopic studies of Zr&Bino-2,4,6trinitrobenzene
(TATB) have been undertakef®¥ The vibrational properties and structure of
pentaerythritol tetranitrate have been studied using Raman and infrared
spectroscopie$® Raman microscopy has been applied for theitn detection of
traces of plastic explosives in fingerpentRaman spectra and images could be

obtained from explosive particles as small as 1 ¥
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5.4 Applications of Fibre-optic Raman spectroscopy

5.4.1 Analysis of drugs of abuse

Fibre-optic Raman probes habeen applied for the isitu detection of illicit drugs. It

was possible to differentiate cocaine hydrochloride from free base or crack cocaine
using their Raman spectrahé fibreoptic probe has aldoeenshown to be useful for
measuring the spectra of these drugs after separation by thin layer chromatography
(TLC).I*%8 Also, a fibreoptic Raman probe has been used for thsitinidentification

of cocaine and selectediulterants. The Raman spectra of cocaine hydrochloride and
free base cocaine are easily distinguishable from each other and from common cutting
agents and impurities such as benzocaine and lidocHife.Portable Raman
spectroscopy has been usedtf@analysis of seized dgs in an airport environment;

the spectra obtained were searched against a constructed library which allowed rapid
identification of the sampled!®® Gamma hydroxybutjc acid (GHB) and its
precursorlactone gammabutyrolactone (BL), were analysed using bentbp and
portable Raman spectroscopy. It has been demonstrated that the drugs could be
detected in a variety of containers including colourless and amber glass vials, plastic
vials and polythene bags. Both GBL and GHB couldsbecessfully detected in a
range of liquid matricem drinking glassesimulatinga ¢ t u a | beverggésk% d 6
5.4.2 Analysis of Explosives

A Raman fibreoptic probe has been developed and applied for the detection of traces
of explosivematerials in fingerprints Traces of PETN ira fingerprint containing
tracesof SemtexH explosive could beatected remotely using a 4 meloag Raman
fibre-optic probe**® Raman spectroscopy, with red (632.8 nm) and -irdeared

(785 nm) excitatin, has been used to obtain thpectra of a wide range of high

explosives. The spectra were compared with those obtained using a 1064 nm
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FT- Raman spectrometer to choose the best laser wavelength excitation suitable for a
field-usable explosive dector. Spectra were obtained for explosives, both neat and in
plastic and glass containers. It has been concluded that 785 nm excitation affords an
excellent compromise between sensitivity and fluorescemissionsuppression*%”

An acousteoptic Rama spectrometer has been applied for the acquisition of Raman
spectra of high explosive$®? A blind field test evaluation of Raman spectroscopy as
a forensic tool has been describadptportable Raman instruments and two operators
have been utilized tanalyze a wide range of unknown samples. Spectra of unknowns
were searched against a cusisendhazardous materials reference library. The results
have indicatedan equivalent performancebservedfor both the operators aritie
instruments!*®¥  Anti-Stokes Raman spectra of explosive materials were obtained
with 1064 nm excitation using a fibmptic probe and a dispersive spectrograph
equipped with a chargeoupled device (CCD) detector. Spectra could be obtained
from sampés positioned up to twelve mes from the spectrograpH’®? In a
comparison study, Stokes Raman speasing a fibreoptic probewere measured
with 785 and 830 nm excitation, as welltae 1064 nm antiStokes Raman speatof
explosive materialsThe spectra obtained using th@64 nm excitation were not of
good quality as those achieved using 785 and 830 nm excitations8&Qitnm
excitation offers slightly better fluorescence rejection than 785 nm. The authors
concluded that a laboratehased FIRaman spectrometer remains thesferred
method for fluorescenekee analysis of these explosives and 830nm excitation is
preferred for a fieleportable spectrometdt®™ A portable emote Raman system has
been used fothe monitoring of hydrocarbon and explosives in the environment.
Standoff spectra of plastic explosiseould be measured at 10 metietance!'®® A

small portable fibreoptic Raman system has been used for stdhdetection of
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explosive materials at 50 metres and Raman spectRDXf, PETN and TNT could

be obtaned remotely in samples containing up to 8% explosive matétfdls.

5.5 Applications of Surface enhanced Raman spectroscopy (SERS)

Surfaceenhanced Raman spectroscopy (SERS) is a surface sensitive technique that
results in the enhancement BRman scatteringpy moleculesadsorbedon certain

rough metalsurfaces Certain roughened metal surfacesg. gold and silver can
significantly enhance the Raman scatterotgservedrom adsorbed species. Surface
enhanced Raman spectroscopy gives an enhancement of up® tm H@attering
efficiency over normal Raman scattering. This makes it possible to obtain Raman
specta from tiny amounts of materiahd from weak Raman scatterét® Certain
selection rulesare applicable to the interpretation of SERS spectra. Strong peaks in
normal Raman scattering can become very weak and new peaks which do not appear
in normal Raman scattering can appeahicomparablSERS spectrd'®® Surface
enhanced Raman spectod anphetamine and similar stimulantrugs have been
recorded on colloidal silver argbectra were also obtained from human urine samples
spiked with mixtures of stimulants drug¥’® Matrix stabilized silver halidesvere

used as the SER&tive substi@ for the acquisition of SER spectra of different
brands of ecstasy tablets and powders containing amphetaltfiheColloidal
suspensions and vapour deposited films of both silver and gold were compared for the
detection of amphetamine sulfatg SERS.Gold colloid and vapoudeposited films

gave lower detection limits than their silver counterpart8.Nearinfrared Fourier
transform surfacenhanced Raman spectra of eight benzodiazepines were recorded
using gold films over nanospheres as 8teRSactive substrates. Identification and
discrimination of the drugs could be made from spectra obtained from a few hundred

nanograms of analyte!!™ Surfaceenhanced Raman scattering (SERS) from
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trinitrotoluene (TNT) adsorbed on colloidal silver andldy has been reported.
Different types of surfacenhanced Raman spectra have been observed on these
metals, indicating differences in adsorption tbhe TNT on gold and silver. A
sensitivity of less than 1 pg could be achieved for TNT in colloidal goldisos. 74

A SERS vapour probe that incorporates a roughened gold substratepfiisrprobe,

and fan has been used for the vapour phase detection of explosives.TNT, PETN, RDX
and other nitrecontaining explosives could be detected down-fopy.*™® Surface
enhanced Raman spectra of the vapour of explosive material have been recorded from
adsorbed molecules on nastuctured gold substratdhe concentration of the
adsorbed explosive molecules on the substrate was varied by heating the teample
different temperatures and exposing the substrate to the sample vapour for different
lengths of time. The intensities of the Raman bands have been found to increase with
the increase in temperature and also with the increase in the duration of expoaure
fixed temperaturd!’®

5.6 Applications of Spatially Offset Raman Spectroscopy (SORS)

The SORS method is based on the collection of Raman spectra from spatially offset
regions away from the point daser focusedllumination on the samplesurface.

These laterally offset Raman spectra contain different relative contributions from
sample layers located at different depths. This difference is brought about by a wider
lateral diffusion of photons emerging from greater depths. Consequé®I$ORS
techniqueeffectively suppressinterfering Raman and fluorescenemission signals

arising from the surface layer. Ifsagnificant backgroundignal is still present then

this can be further removed using a scaled subtraction of spectra obtadiéer et

spatial offsetslnstead the separation of Raman signals originating from different

layers in the sample can laehievedusing multivariate data analysthemometrics
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applied to a set of spatially offset Raman spectfd. Spatially offsetRaman
spectroscopy has been applied for the detection of cocaine concealed inside
transparent glass bottles containing alcoholic beverages. A major advantage of the
technique is that any interfering Raman and fluorescence contributions originating
from thebottle itself are effectively suppress€d®’ Also, the technique has been
applied for the noiinvasive detection of liquid and powder explosives concealed
within diffusely scattering containers. Raman spectra odethencealed explosives
could be acquired through a wide range of plastic containers typically carried by air
travel passengergt®18sl

5.7 Applications of Raman spectroscopy and chemometric methods

Difficulties associated with the complexities of Ramigihtl scattering from materials

have limited the use of Raman spectroscopy as a quantitative technique. Poor
reproducibility of spectral intensities, problems with high S/N ratios and the presence
of fluorescence background have all limited the use ofetblenique in the past®?
Howewer, advances in instrumentatiand the use of multivariatehemometrics
techniques have overcome these difficulties. Multivariate analysis techniques are used
to correlate statistically observed spectral changes with prepesuch as
concentration and have alloweayliantitative analysiso be performedising Raman
spectroscopy. Neanfrared Raman spectroscopy ati partial least square (PLS)
algorithm have been used to estimate the concentration of cocaine dispersed in
glucose. ™ Also, Raman spectra obtained from a series of 33 solid mixtures
containing cocaine, caffeine and glucose have been analysed using principle
component analysis (PCA). Analysis of the data showed that the samples can be
classified on the basis of cocainencentration and discrimination on the basighef

caffeine and glucoseoncentrationsvas also possibl&® Raman spectroscopy and
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PCA chemometricshave been used for the classification of narcotics in solid
mixtures. This method allowed the discnmation between cocaine, MDMA and
heroin mixtures even when the Raman spectra are complex or very st
Raman spectroscopic data obtained from MDMA in ecstasy tablets have been
analysed using PCA and PLU8?  Furthermore, PCA and PLS rhetls have been
applied forthe quantitative analysis of amphetamine content in seized street samples.
Both methods produced results accurate enough for routine forensic amaliss
possible!*®?

5.8 Raman spectroscopy combined with other analytal techniques

Raman spectroscopy has been interfaced with a numlmengilementananalytical
techniques. These interfaced units allow the analytical advantages of the individual
technique to be combinedtina single integrated system. The complementatyre

of the techniques, in terms of information content, practicality and sampling, give a
huge advantage over each technique applied individually. Because Raman
spectroscopy provides much information about the molecular structure of the
compounds invegated, enough evidence can be gathered, in combination with the
retention time, masspectra and UWis spectra,which allows a really unique
identification of compound as demandsgdforensic investigations. Combined Raman
and FFIR spectroscopy has heeised to identify narcotics, cutting agents, narcotic
precursors, and explosive materi&l&-'°? The dentification of illicit drugs has been
accomplished by a combination of liquid chromatography and suefattenced
Raman scattering spectroscéby ; this has been applied to several illisolid drugs
among which are cocainegtoin, an ecsisy tablet and amphetamine powder. The
HPLC-separated fractions from these samples were collected as miacroliinees in

the wells of a microtitre plateontaininga matrixstabilized silver halide dispersion
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which functionsas the SERSactive surface. Also, Raman spectroscopy has been
interfaced with scanning electron microscopy and endigpersiveX-ray analysis
(RamanSEM/EDX). This system permitthe in-situ nonrdestructive characterization

of a sample based on both its elemental and molecular composition. The system has

been appliedsuccessfullyfor the characterization of explosive mixtures containing

TNT and Tetryl!**4
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Chapter 6
Detection of Drugs of Abuse and Explosives on Human Nail Using
Raman Spectroscopy
6.1 Introduction
The analysis of keratinized matrices, such as hair and nails, for drugs of abuse is now
recognized as an important tool for forensic toxicologigtdvances in modern
analytical instrumentation have enabled the analysis of drugs in these unconventional
biological matrices to be accomplishéd®*® Several studies in the literature have
demonstrated that nail clippings can provide a readily aibessatrix for the post
mortem detection of drugs of abuse; opiates, methamphetamine, cocaine, and cannabis
have been successfully detected in the nail clippings of drug afis&H.
Furthermore, DNA extracted from debris of fingernails of victinisvimlent or
aggressive acts has been used in the identification of the assSaflafits.
Raman spectra of human skin and nail have been recorded using excitation
wavelengths in the visible regioRhotobleaching has been applied to reduce the
strong fuorescent backgrounabserved in the spectrd*® With the use of excitation
sources in the near infrared, Raman spectroscopy could be applied for the
characterization of molecular structure of sensitive biomaterials such as skin, callus,
hair, and nail**¥ A comparative study of the FRaman spectra of mammalian and
avian keratotic biopolymers (stratum cor
was carried out by Akhtar and Edward¢? Raman spectroscopy and multivariate
classification techmjues have been applied for the differentiation of fingernails and
toenails.”*® Recently, a novel method for human gender classification using Raman
spectroscopy of fingernail clippings has been repolt&4.

The ability to identify visually obscureahrticles of forensic relevance affords
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significant advantages to the investigator. Manual handling, packaging or
transportation of drugs of abuse and explosive substances may result in contamination
of the nail by these substances. Detection of ghargicles on nail and other articles
related to an individual, such as hair or clothing, could be of evidential value to
identify this individual as a drug user or drug dealer. Also, the detection of explosives
residues on nail can be used as an evidemestablish a link between these materials
and individuals involved in terrorist activities. An added difficulty in the analytical
procedure is afforded by the presence of a nail varnish coating which has been
applied; although obscuring the particulatetenial to preliminary visual observation

this will actually trap the particulate matter between the coating and the nail. The
discrimination of confocal Raman microscopy for the detection of drugs of abuse,
explosive and explosive precursor substances rwoated nail and also under a
coating of nail varnish is demonstrated. Exploiting the high axial resolution of the
confocal arrangement, interfereAitee spectra of drugs of abuse and explosives
could be acquired from particles visually masked by the vaaitish. Furthermore,

the application of Raman mapping technigues allows visualization of particle
morphology in obscured settings and obtaining the spatial distribution of a given
compound within a heterogeneous specimen. This investigation estaltishdgity

of these Raman spectroscopic techniques in this context for the first time and
establishes the technique wi-situ Raman mapping as a useful tool for forensic
investigation

6.2 Experimental

6.2.1. Samples

a Drugs of Abuse

Pure samples afocaine hydrochloride, fhethyt3,4-methylenedioxyamphetamine
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HCI (MDMA-HCI), amphetamine, nitrazepam and flunitrazepam were supplied by
SigmaAldrich Company Ltd., United Kingdom. Seized street samples of cocaine
hydrochloride, MDMA and amphetamine wempplied by the Home Office
Scientific Development Branch.

b- Explosive samples

Pentaerythritol tetranitrate (PETN), trinitrotoluene (TNT) and ammonium nitrate
samples were also supplied by the Home Office Scientific Development Branch.
Hexamethyleneteaimine (HMTA) and pentaerythritol used in this study were
supplied by the Sigmaldrich Company Ltd., United Kingdom; they are used in the
manufacture of high explosives such as RDX and PE{N!

Finger nail clipping samples were collected and stameclean containers prior to the

anal ysi s. A red nail varni sh (GC, Proct
Rouge Expertéé) was purchased from a | oc
few crystals of the drugs of abuse and explosive sutstarRaman spectra were
collected from individual crystals of dimensions in the rangeidf @ e m on t h
surface of the nail. A single layer of the nail varnish was then applied to the doped
nails and spectra of the crystals of the drugs of abuse and iegplasmder the nail

varnish coating were collected.

6.2.2. Raman spectroscopy

Reference Raman spectra of drugs of abuse and explosive samples, nail and nail
varnish were obtained to be used for comparison with the spectra of the drugs and
explosive partiles on the surface of the nail and under nail varnish. Raman spectra
were collected using a Renishaw InVia Reflex dispersive Raman microscope (Wotton
underEdge, UK). The Raman scattering was excited with a 785 nmimieared

diode laser (Renishaw HPNIRser (Renishaw, WottennderEdge, UK) and a 50x
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objective |l ens giving a laser spot?* di ame
resolution for a 10s exposure of the CCD detector in the wavenumber region 100
3200 cnt using the extended sa@ing mode of the instrument. With 90.8 mW laser

power at the sample, one accumulation was collected for the drugs of abuse and
explosive samples and five accumulations for both the nail and nail varnish. Spectral
acquisition, presentation, and analysis evgrerformed with the Renishaw WIRE

(service pack 9) and GRAMS®AI version 8 (Thermo Electron Corp, Waltham, MA,

USA) softwares.

Raman point maps (~ 40 x 40 em map ar ea)
street cocaine hydrochloride under the nail isrnUsing a 50x objective, Raman

maps were obtained by collecting spectra with 10s exposure time and subsequently
moving the sample in a raster pattern wi
the sample was reduced to 25% (10.8 mW) to avoid bgrof the sample. Data
acquisition covered the spectral range 1800 cm' with a spectral resolution &

cm™* with each exposure of the CCD detector. The total acquisition time for the
Raman map experiment was approximately about 12 hours. Also, a Raman point map
(~ 30 x 30 em map area) was acquired fo
Using a 50x objectiveRaman map was obtained by collecting spectra with 10s
exposure time and subsequently moving the sample in a raster pattern with a step size
of 2 e&m. Data acqui siti ol800cnd withmaembctrdl he s
resolution of 2 crit with eachexposure of the CCD detector. The laser intensity at the
sample was reduced to 10.8 mW to avoid burning of the sample. The total acquisition
time for the Raman map experiment was approximately 10 hours. A depth profile was
obtained from a PETN particle ded by the nail varnish. Spectra were collected from

the nail varnish coating (Z = 0 em) and
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em intervals through the PETN particle t
focus adjust of the microscope.

6.3 Results and Discussion

6.3.1 Detection of pure drugs of abuse on human nail

Raman spectroscopy provides a unique spe
spectrum is molecularly specific and contains key signature bands that can be used for
unambiguous identification. The Raman spectra of cocaine hydrochloride, MDMA,
amphetamine, nitrazepam, and flunitrazepam in the spectral wavenumber region
1800100 cni* are shown in Figure 6.1. Alsoale (61) lists the Raman shifts and
vibrational assigments of the principal characteristic bands in the spectra of the drugs
of abuse, which can based to identify them. Figure .6 C) shows the Raman
spectrum of human nail and vibrational assignments of thie lmands are listed in

table (62). The spec&r obtained from pure cocaine hydrochloride, MDMA and
amphetamine sulphate crystals omfam nail are shown in figures (6.2), (6.3) and
(6.4), respectively. Comparison of these spectra with the reference spectra of the drugs
showed that the drugs could basiy identified using their Raman spectra. The
Raman spectrum of cocaine hydrochloride has several characteristic features that can
be used to identify the drug, such as the benzoate ester (C=0) stretch at™]#lcm
aromatic ring  (C=C) stretch at 14%m, ring breathing mode at 998 &m
pyrrolidine ring (GC) stretch at 866 cih) and the piperidine ring (C) stretch at

784 cmi’, respectively. Also, the characteristic Raman bands of MDMA could be
identified such as those at 807, 769 and 712chese MDMA characteristic bands

were tentatively assigned to tlig OCCO) symm (Sub. catechol) mode, the aryl i@

wag mode, and th& (C-C-C) mode, respectivelyt can also observed that the Raman

spectrum obtained from a crystal of amphetamine sulphate on the surface of the nalil
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Figure 6.1 Reference Raman spectra of drugs of abuse

A: Cocaine hydrochloride B: MDMA

C: Amphetamine sulphate D: Nitrazepam
E: Flunitrazepam

785 nm, 90.8 mW, 10 second exposure, 1 accumulation-tor A
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Figure 6.2 Raman spectra of
A: Cocaine hydrochloride on human nalil
B: Reference cocaine hydrochloride

C: Human nail
785 nm, 90.8 mW, 10s exposure, 1 accumulation for A &B, 5 accumulations for C
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Drugs of Abuse Raman shift / cm, Vibrational Reference
assignment
Cocaine hydrochloride 1711cni:benzoate ester (C3Qtretch 140
1594 cni;aromatic ring (C=Cstretch
998 cni"; ring breathing mode

866 cni:pyrrolidine ring(C-C) stretch
784 cm';piperidine ring (GC) stretch
MDMA 1444cm™ ; 2 M(CH3) 1 2)Ucibsofe 158
1367cm™ ; syni(CHa)

807cm’; U ( O Guem@hb. catechol
769cm® ; Aryl CiH wag

712cm® ; U (-GC)mode
528cm’ ;U -C-C)iing
Amphetamine 1030cm™*; v (C-C) aromatic ring 158
vibration

1001cm™ ; Monosubstituted
aromatic ring breathing mode
974cm* ; V(SO42-) asym
938cm™ ; j (CHy)
Nitrazepam 1616 cnt ; C=N stretch 129
1572 cmi ; C=C stretch

1340 cnit ; symm. NQ stretch

1155 cnt ; C-C-N stretch (diazepine

ring)
999 cnmi" ; aromatic ring breathing
Flunitrazepam 1608 cnt ; C=N stretch 129

1577 cmi ; C=C stretch
1332 cnt ; symm. NQ stretch
1166 cn1 ; C-C-N stretch (diazepine

ring)
1097 cnt ; aromatic irplane CH
deformation

Table 6.1 Raman shifts and vibrational assignments of the principal characteristic

bands in the spectra of the drugs of abuse.
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Wavenumber / cih Assignment

2930 v (CH3) symmetric
2873 v (CH,) asymmetric
1650 amide Iv (C=0)
1445 U (CH,) scissoring
1315 0 (CHy)

1001 v (CC) aromatic ring
934 } (CHs) terminal
850 U (CCH) aromatic
509 v (SS)

Table 6.2 Raman shifts and vibrational assignments of the main bands of human nalil
(References 212, 216)

Raman Intensity

1 1
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Wavenumber / cm™

Figure 6.3 Raman spectra of

A: MDMA on human nail

B: Reference MDMA

C: Human nail

785 nm, 90.8 mW, 10s exposure, 1 accumulgtor &B, 5 accumulations for C
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(Figure 64) contains some bands assigned to the nail substrate;(@td;) at 2930

cm?, the amide | (C=0) at 1650 ¢hand theli (CH,) mode at 1445cih 212 216
These bands do not interfere with the identification of amphetamine which can be
established by the diagnostic features at 1030° cpa(C-C)], 1001 cm™*
[monosubstituted aromatic ring breathing], and 974" ¢m(SQy)* asym]. Similarly,

the confocal spctra obtaied from flunitrazepam (Figure® and nitrazepam crystals
(Figure 66) on human nail show the key signatdands of these drugsa@le 61)

and no significant bals can be assigned to the rsaibstrate.

Raman Intensity

I I I I I
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. Wavenumber / cm™
Figure 6.4 Raman spectra of

A: Amphetamine on human nail (Asterisks indicate nail bands)
B: Reference amphetamine

C: Human nalil
785 nm, 90.8 mW, 10s exposure, 1 accumulation for A &B, 5 accumulations for C
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Figure 6.5 Raman spectra of
A: Flunitrazepam on human nail
B: Reference flunitrazepam

C: Human nail
785 nm, 90.8 mW, 10s exposuteaccumulation for A &B, 5 accumulations for C
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Figure 6.6 Raman spectra of
A: Nitrazepam on human nail
B: Reference nitrazepam

C: Human nail
785 nm, 90.8 mW, 10s exposure, 1 analation for A &B, 5 accumulations for C
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6.3.2 Detection of seized drugs of abuse t6lman nalil

lllegal drugs are generally mixed with a variety of materials (cutting agents) which
may complicate the detection of the drugs on the nail. Fluorescencecenassing

from these substances may overwhelm the Raman signal from the drugs of abuse. In
addition, the Raman bands of the cutting agents may overlap with the characteristic
bands of the drugs. Nail clippings were doped with few crystals of seized street
samples of drugs of abuse namely cocaine hydrochloride, MDMA and amphetamine
from which confocal Raman spectra were obtained. Although these spectra contain
some bands arising from the nail substrate and/or the excipients, the major bands of
the drugs ofabuse are still very clear and are not obscured by spectral bands due to
excipientsin the street samples (Figures -66/9). It can also observe that there is
some fluorescence background in the spectra of the drugs whiclansa from the

cuttingagents.

Raman Intensity
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Figure 6.7 Raman spectra of

A: Street cocaine hydrochloride on human nail (Asterisks indicate nail bands)

B: Reference cocaine hydrochloride

C: Human nail

785 nm, 90.8 mW, 10s exposure, 1 accumulation for A &B, 5 accumulations for C
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Figure 6.8 Raman spectra of
A: Street MDMA on human nail (Asterisks indicate nail bands)
B: Reference MDMA

C: Human nail
785 nm, 90.8 mW, 10s exposure, 1 accumulation for A &B, 5 accumulations for C
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Figure 6.9 Raman spectra of

A: Street amphetamine on human nail (Asterisks indicate bands from nail&
excipients)

B: Reference amphetamine

C: Human nail
785 nm, 90.8 mW, 10s exposure, 1 accumulation for A &B, 5 accumulations for C
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6.3.3 Detection of drugs of abuse under nail varnish

The incident laser radiation was focused with the microscope objective to record the
Raman spectra frorarystals of drugs of abuse coated with a nail varnish. It can be
observed that a significant fluorescence emission is present in the Ramannseéctr

the nail varnish (Figure.60A).The diagnostic Raman bands of cocaine hydrochloride
can be clearly ideifted in the spectrum obtained from a crystal of the drug exsk

by the nail varnish (Figure.80). Although the drug crystal is sandwiched between the
highly fluorescent nail varnish and the nail substrate, the Raman spectrum could be
obtained without niterference from these highly fluorescent matrices. Also, the
spectrum obtained from an MDMA crystal coated with a nail varnish (FigL®

shows thecharacteristic Raman bands of the drugs. Despite the presence of some

bands assignable to the malrnish (marked with asterisks at figureld B), these
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Figure 6.10 Raman spectra of:

A: Nail varnish

B: Pure cocaine.HCI crystal under nail varnish

C: Reference cocaine hydrochloride

D: Nall

785 nm, 90.8 mW, 10s exposure, 1 accumulation for B &C, 5 accumulations for A&D
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Figure 6.11 Raman spectra of:

A: Nail varnish

B: MDMA crystal under nail varnishagterisks indicate nail varnish bands)

C: Reference MDMA

D: Nall

785 nm, 90.8 mW, 10s exposure, 1 accumulation for B &C, 5 accumulé&ioA&D
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Figure 6.12 Raman spectra of:
A: Nail varnish
B: Amphetamine crystal under nail varnigtsierisks indicate nail varnish bands)

C: Reference amphetamine D: Human nail
785 nm,90.8 mW, 10s exposure, 1 accumulation for B &C, 5 accumulations for A&D
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bands do not interferwvith the identification of the drug. Similarly, the confocal
spectrum acquired from an amphetamine cry@tajure 612) masked by the nail
varnish comprises tee bands arising from the nail varnish. These bands do not
prevent identification of the drug as they do not overlap with the key bands of
amphetamine sulphate. Figures 6.13 aridl &how the Raman spectra acquired from
flunitrazepam and nitrazepam crystalnder a nail varnish coating, respectively, in
which the characteristic bands of the drugs can be unambiguously identified. There
are no significant bands in the spectra which can be assigned to either the nalil

substrate or the nail varnish coating.
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Figure 6.13Raman spectra of:

A: Nail varnish

B: flunitrazepam crystal under nail varnish

C: Reference flunitrazepam

D: Nall

785 nm, 90.8 mW, 10s exposure, 1 accumulation for B &C, 5 accumulations for A&D
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Figure 6.14 Raman spectra of:

A: Nail varnish

B: Nitrazepam crystal under nail varnish

C: Reference nitrazepam

D: Nall

785 nm, 90.8 mW, 10s exposure, 1 accumulation for B &C, 5 accumulations for A&D

6.3.4 Detection ofexplosives on human nail

In this section, the feasibility of using confocal Raman microscopy for the detection of
explosives and their precursors on the surface of human nail has been investigated.
The Raman spectra of the explosives PETN, TNT, ammonidrateni and of the
explosive precursors HMTA and peetgthritol are shown in figure 6.15. Also, table

(6.3) lists the Raman shifts and vibrational assignments of the principal characteristic
bands in the spectra of the explosives, which can be used tdyidsach substance
within the group of explosives studied. It has been observed that the spectra obtained
from the explosive particles on the surface of the nail contain some bands arising from
the nail substrate. In each case the strongest bands drisinghe nail substrate

did not interfere with the identification of the explosives as these bands do not overlap
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Figure 6.15Reference Raman spectra ot the explosives
A: PETN B: TNT
C: Ammonium nitrate Bexamethylenetetramine
E: pentaerythritol
785 nm, 90.8 mW, 16econd exposure, 1 accumulation feEA
Explosive Raman shift / ci, Vibrational Reference
assignment
PETN 1290 cni'; symmetric (NQ) stretch 154
871cmi’; (O-N) stretch
622cm™; (CCC) deformation
TNT 1532cm™ ;3 (2 NGhm 137
1357cm™ ;3 $NO,)
822cm’1; (Noz)scissor
Ammonium nitrate 1040cm™;3 (3N O 217,218
712cm™ ; (NOs) bend
hexamethylenetetramir| 1040 andt62cm* ; -C-?2) be 219
777cm™ ;3 i(CP
pentaerythritol 1071cm® ; 30)( C 220,221
873 and 81@m™ ; U (2)GoHd
439cm’ ;U -CC)

Table 6.3 Raman shifts and vibrational assignments of the principal characteristic
bands in the spectra of the explosives.
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with the characteristiRaman bands of thexplosive substances. Figurel(6) shows

an image of a PETNrystal ofseveralmicrons in size on the surface of the nail and
the Raman spectrum obtained fromisttcrystal is shown in figure (B7A).
Comparison of this spectrum with the reference specgiiowed that PETN could be
easily identified by its Raman spectrum which comprises strong sharp features in the
fingerprint region of the spectrum. The Raman spectrum of PETN has several
characteristic features of nitrate ester explosives which can deasdentify it; the
symmetric (NQ) stretching mode at 1290 chthe (ON) stretch mode at 871¢h

and the (CCC) deformation mode at 62ZcrRETN could be identified from these
strong bands and, through caretuinfocal sampling, no significant peaksn the

spectrum appear from the nail substrate.

Figure 6.16 PETN crystal on the surface of human nail
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Figure 6.17 Raman spectra of:

A: PETN on the surface of the nalil

B: Reference PETN

C: Human Nail

785 nm, 90.8 mW, 10s exposure, 1 accumulation for A &B, 5 accumulations for C

A confocal spettum obtained from a TNT crystal ohé surface of the nail (Figure
6.18) shows that the explosive could be readily identified. The Raman spectrum of
TNT contains sever al d i . ANDp) ats153R crit, thessast ur e s
(NO,) at 1357 crit and the (NO) scissoring mode at 822 &@m Despite that TNT
spectrum contains two very weak bands arising from the nail; the amide | (C=0) at
1650 cmta n d t hopmode ai 1€48cth, these nail bands do not overlap with the
explosive characteristicands. Also, a spectrum obtained from an ammonium nitrate
crystal embedded omhé surface of the nail (Figurel®) contains some bands arising
from the nail ; the amide | (C=0) at 1650 tm n d t h £ moidle af 1@45cth

The presence of these nail bardid not prevent identification of ammonium nitrate
which could be identified by its very strong (B)O stretching mode at 1040 ¢nand

the (NQ)' bending mode at 712 ¢
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