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SUMMARY

The work described in this thesis was in the field
of Forensic Toxicology, which is the study and practice of
toxicology for legal purposes. Three different
application areas were considered: (a) the analysis of
drugs in blood by gas chromatography-mass spectrometry
(GC-MS) following isolation from the biological matrix by
solid phase extraction procedures, (b) the analysis of
paint solvents in blood by gas chromatography (GC) and
GC-MS following dynamic headspace elution from blood, and
(¢) an evaluation of Thermospray/Plasmaspray (TSP/PSP
LC-MS) liquid chromatography-mass spectrometry as the
basis of drug screening techniques in forensic toxicology.
(a) In the first of these areas, a sensitive, specific
and reliable method was developed for the analysis of
basic drugs in blood, using morphine and buprenorphine as
model compounds which are also drugs commonly abused 1in
the Glasgow area. A novel extraction procedure was used,
based on a commercially available chemically-modified
silica containing surface-bound benzenesulphonylpropyl
groups, which served as a cation exchange resin. Several
methods for the initial treatment of the biological matrix
were examined and the one selected involved absorption of
the blood sample on diatomaceous earth and solvent elution
of the crude extract containing any drugs present in the
sample. This extract was then purified using the cation
exchange resin: conditions suitable for the efficient

retention of basic drugs and subsequent elution were also
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examined and developed. The extraction efficiencies for
morphine were 92+5% and 95+4% at concentrations of

35 and 560ng/ml blood, respectively, for buprenorphine
B3+6% and 87+5%, respectively, and for other drugs

at concentration of
were better than 85%. 22 0oF 0-5 and 8ng/ml

The end-step analytical technique chosen for this
method was GC-Ms, because of analytical and 1legal
requirements with respect to sensitivity and specificity.
The polar nature of the model compounds, and of many other
drugs 1likely to be encountered in this field, required
chemical modification of the substances prior to gas
chromatography. A comparison was made of three silyl
ether derivatives - the trimethylsilyl (TMS), ethyl-
dimethylsilyl (EDMS) and tert-butyldimethylsilyl (MTBS)
ethers. The conditions required for derivative formation
were examined, including the choice of silyl donor
reagent, solvents, temperature of reaction and time to
completion. The EDMS donor, diethyltetramethyldisilazane,
was selected on the basis of the mild reaction conditions
required for the test compounds and also because this
reagent caused less interference during GC-MS analysis.
EDMS ethers gave satisfactory gas chromatographic
behaviour and the presence of prominent 1ions at high mass
was shown to be advantageous for specific and sensitive
detection by SIR-MS with 1little background interference.
The developed method was considered to be useful for both
clinical and post-mortem blood samples containing morphine
and buprenorphine down to the 1low picogram/millilitre

level, and therefore adequate for the intended purpose.
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The method was subsequently applied to 13 samples
submitted for analysis to the Department of Forensic
Medicine and Science and found to be satifactory.

(b) In the second area of application, dynamic head
space (DHS) elution was used for the analysis of paint
solvents in blood. Volatilised solvents were trapped on a
Tenax-GC cartridge and were subsequently analysed by
GC-MS. The extraction efficiency of this method for
C -C n-alkane hydrocarbons, which were present in

8 12

the paint materials, was better than 90% and sensitivity

down to pg/ml levels was obtained.

Solvent extraction procedures for these
hydrocarbons were evaluated wusing high purity solvent.
The extraction efficiency was better than 85%. Analysis
of extracts by GC or GC-MS suffered from interference from
the solvent front which reduced the sensitivity.

The DHS method was applied to a pilot study for
occupational monitoring of a group of painters to assess
the presence of paint solvents in their blood. Two venous
blood samples were collected at the beginning and at the
end of a working week from each subject. They showed the
presence of several solvents simlilar to those present 1in
paint material and the 1levels 1in the second series of
samples were higher than those of the first series. The
differences between the 1levels in the two series were
statistically significant for n-nonane, n-undecane and
alkylbenzenes. The 1levels in the first sample 1indicated
incomplete <clearance of these solvents from the body

during the weekend, and the second samples 1indicated
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solvent uptake during the working week . Solvent

contamination 1in the extraction system was tackled by
several approaches but stil]l hindered the accurate
estimation of solvent levels in blood.

(¢) In the third area of application, the operating
parameters which control the sensitivity of the mass
spectrometer using the TSP/PSP LC-MS interface were
evaluated. These 1included the effects of the probe
temperature and discharge voltage on sensitivity and mass
spectral fragmentation pattern and the effects of the
mobile phase constituents on sensitivity and mass spectral
peak stability. Solvent systems containing ammonium
acetate buffer and an organic modifier such as
acetonitrile produced the best results in plasmaspray
LC-MS.

Three model HPLC-MS analyses were developed for
mixtures of basic drugs, barbiturates and opiates using
both the plasmaspray positive and negative 1ion modes.
During the development of the mobile phases, the
optimization of chromatography by organic modifiers was
assessed. The quality of chromatography obtained was not
always as good as expected in conventional HPLC, but the
combination of c¢hromatographic and mass spectral data
could be used for 1identification and quantification
purposes.

A compilation of PSP mass spectra of drugs commonly
encountered 1n forensic toxicology was produced. These
mass spectra provided mostly molecular weight information

with little structural information.



CHAPTER O N E

FORENGSTIUC TOXICOLOGY

1.1 INTRODUCTION

Toxicology can be defined as the study of the
adverse effects of chemical agents on the biological
system [1]. This avoids the traditional definition, "the
basic science of poison", where a precise definition of a
poison is difficult to establish. In general a poison 1is
any chemical substance that 1is capable of producing
harmful effects on the living organism [2]. The group of
simple chemicals and harmful plant poisons which were the
causes of poisoning in previous times has expanded
tremendously in recent years to include the new hazardous
products - therapeutic drugs, 1llicit drugs, industrial
chemicals and pollutants. All share the potential of
causing harm as well as the possibility of misuse and
abuse. Forensic Toxicology 1s the study and practice of
toxicology for legal purposes [3]. It involves
ascertaining the circumstances surrounding those cases
where drugs or other poisons are 1involved, for example,
motoring offences where drug-taking is implicated or
suspected, fatalities following an overdose, poisoning
where there is a suspicion of criminal intent [4] and the
investigation of sudden or suspicious deaths in which
there is no obvious cause of death.

In addition, the toxicologist can play a major role
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as a member of a health care tean and, through vigilance

can help to improve the general wWell-being of the
community. By compiling acc¢umulated data it 1is possible
to monitor drugs of abuse, solvent abusge in the general
public, persons under a rehabilitation programme, drug
doping in sport and exposure to chemicals 1in industry and

the environment.

The toxicologist may also became involved 1in

clinical toxicology, in cases of acute overdose or
suspected poisoning. Although treatment should be
supportive in all cases to start with, quick

identification of poisons which require specific treatment

(by antidotes) will greatly influence the morbidity and

prognosis of the outcome. Examples of these poisons are
methanol, ethylene glycol, opiates, salicylates,
paracetamol, cyanide and organophosphorus pesticides. The

results of the analysis <c¢can be wused for prognostic
purposes as well as the diagnosis.

Finally, as a scientist, the forensic toxicologist
also shares 1in the «c¢ollective responsibility for the
advancement of knowledge by continuing scilentific
research, as well as disseminating his knowledge through

other teaching and educational obligations.

1.2 METHODOLOGICAL APPROACH

Most forensic toxicological analyses present a
great challenge by virtue of the variety of analytes and

the quality and quantity of the available sample material,
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which 1is frequently 1limited, especially in putrefied,
mummified or severely burned bodies. The following stages
can be included to determine the nature of the analyte and
the toxicological significance attributed to it.
1.2.1 TIsolation and purification of the toxic substance
from the biological material. This can be a tedious
procedure, especially if the poison is unknown. A search
for an unknown poison, can be an infinite task.
Comprehensive screening for poisons in one procedure would
be ideal but is not possible. Toxic substances can be
classified into the following groups [5].

(1) Gaseous and volatile substances

(1i) Metals

(1ii) Toxic anions

(iv) Non-volatile organic substances such as

organic acids and bases, neutrals, amphoteric

substances and quaternary ammonium compounds.
So, for example, in cases of suspected drug overdose, the
most commonly encountered drugs are usually screened.
Limiting factors <can be time, amount of sample and
instrumentation availability. The 1literature continually
supplies new specific or general screening procedures.

1.2.2 1Identification of the 1isolated toxic substance or

gsubstances by one or more of the analytical tools

available, followed by corroborative tests to confirm the

identity.

1.2.3 Measuring quantitatively the identified material in

the biological sample.
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1.2.4 Reporting the analytical findings. This may

include an assessment of the sensitivity, specificity and
reproducibility of the applied procedure.
1.2.5 1Interpretation of the results. To reach a correct
and accurate interpretation, the following inter-related
factors have to be collectively considered.
(1) Analytical results: A negative result does not
mean that the sample 1s absolutely free from all poisons.
Rather it means that it 1is neqgative for a particular
analyte or that 1f this 1is present, it 1is below the
detection 1limit of the assay. Sample storage can also
affect the result, when measuring cyanide in blood. The
quantity of cyanide recovered will vary when storage is at
room temperature, in the fridge or 1in the freezer ([6].
similar effects are seen in the analysis of volatiles.
Other factors affecting storage are exposure to light and
the presence of preservative in the sample [7].
(i1) Factors relating to the patient or deceased, such
as age, sex, welght, recent and past medical history,
especially relating to intake of drugs. Tolerance to a
drug may have developed - a condition in which the body
cells protect themselves against toxic substances by
developing a resistance to them [8]. This state of
decreased responsiveness occurs as a result of exposure,
usually long term, to a given drug or its congeners [9].
(i11) Pharmacokinetic factors. These include:

_  time and amount of drug taken, taking 1into

consideration that in drug overdose, the drug does
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not necessarily follow the same pharmacokinetics as
at therapeutic levels [10]:
- route of drug intake: blood 1levels in fatal
cases are usually 1lower following 1intravenous
injection than when administered by other routes.
This reflects the importance of the rate of drug
entry to the systemic circulation rather than the
final concentration [9]:
- distribution between different metabolic
compartments, which can reflect the time of drug
intake and survival time;
- presence of more than one drug, with the
possibility of interactions between them which can
affect the pharmacologic response as potentiation.
Additive synergistic or antagonistic effects may
occur, such as the synergistic effect on the
toxicity of barbiturates caused by the presence of
alcohol [11], which <can 1increase the effective
toxicity of each drug when present in combination.
(iv) Metabolic factors, which are affected at the same
time by the route of administration, the presence of
multiple drugs, leading to enzymatic induction or
inhibition and whether the analyte is the parent drug or a
metabolite and the relative quantities of the parent and
the metabolites. The parent:metabolite ratio may be of
value to indicate the time of drug intake and to

differentiate acute from chronic overdose.

In the case of heroin, morphine and 6-monoacetyl
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morphine are the major and minor metabolites observed
respectively. Heroin is usually not detected but may be
inferred as the drug administered from the presence of the
metabolites.

(v) Previously recorded results. Many compiled data
collections are available indicating therapeutic, toxic
and fatal levels of sgsubstances in biological tissue
[12-16]. Pharmacology and pharmacopoeia textbooks
[17.18], as well as compilations from the toxicologist's
own laboratory and other forensic toxicology departments
are available for <consultation during interpretation.
Particular consideration should be given to the type of
sample and the method of analysis wused if a valid
comparison is to be obtained.

(vi) Other factors. The clinical presentation,
histopathological findings and the scene of the incident
in fatal cases must be considered when trying to establish
whether the fatality was primarily due to the toxic agent,
or caused by medical complications of poisoning, or merely
associated with that toxic agent, where the death
(suicidal, homicidal or accidental) could be directly or
indirectly from the influence of that agent. For example,
a traffic accident can be caused by driving under the
influence of drugs or a drowning caused by incoordination
and 1loss of control following volatile solvent abuse
[19]. Detailed discussions of interpretation criteria can

be consulted in several excellent text books now available

[4,9,12].
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1.3. METHODOLOGICAL DEVELOPMENT

Forensic toxicology is a powerful science which has
always rapidly adopted the most sensitive tools that
modern technology offers, to be able to cope with a wide
range of analytes with varying degrees of potency. An
overview of these techniques will be presented. Details
of the available techniques have been published [12,20,21)]
as have  historical overviews of forensic toxicology
[22,23].

The methodological approach adopted early in this
century was the 1laborious technique known as Stas-Otto
extraction to 1solate organic poisons from biological
tissue and fluids, followed by 1identification of the
isolate by a series of —colour tests, for example,
Trinder's test for salicylate 1is a rapid spot test
procedure. These chromogenic reagents are utilized as
visualizing reagents (Dragendroff and iodoplatinate) for
thin layer chromatography (TLC) and for post-column
reactions for high ©performance 1liquid chromatography
(HPLC) detection in recent years. Reliable
spectrophotometers were developed during the 1940's. They
were utilized for 1identification and quantification of
barbiturate and anti-malarial drugs [22] and later, 1in the
1960's, were applied to other classes of drugs such as
benzodiazepines and antidiabetic drugs. During this
period the extraction procedure was modified to 1include
the acid hydrolysis of the sample and purification of the

extract by back-extraction procedures, following pH
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adjustments, into an organic solvent. Solvent extraction
is laborious, tedious and time and material consuming. It
is being replaced in recent Years by various types of
solid phase extraction material which are commercially
available. Solvent extraction is still used for tissue
homogenates. As methods become more sensitive, the need
to use liver (high concentrations of drugs, large amount
of sample) decreases. Thin 1layer chromatography was a
major advance in the 1950's, for the separation of drugs
with a variety of developing systems and visualizing
methods. The relative mobilities of substances on TLC
plates (Rf values) are used to give a tentative
indentification. Recent valuable collections of Re
values for standardized TLC systems are available for
accurate and precise identification [12,24,25].

In the 1960's, gas chromatography (GC) was applied
to analytical toxicology. It offered sensitive detection
of a small amount of sample, as well as specificity and
accuracy in quantitation. Added specificity and
gensitivity were obtained by the wuse of a specific
detector such as the nitrogen-phosphorus detector (NPD),
the electron capture detector (ECD) and the mass
gspectrometer connected to the gas chromatograph (GC-MS).
The latter offers the highest sensitivity and unequivocal

identification. Also during this period, column

chromatography advanced to become HPLC, which offers a

wide range of separation and detection capabilities for

analytical toxicology. A recent development 1s the
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availability of instruments with a dynamic interface

between a 1liquid chromatograph and the mass spectrometer

(LC-MS).

Immunoassay procedures were developed in the past
two decades and are based on immune response antibodies.
Detection based on radiolabelled analyte, or enzyme
substrate or a fluorescence marker, started to offer
sensitivity and rapidity when screening for drugs in a
small sample of biological material. Recent immunoassay
procedures can offer specificity and quantitation at a
very low concentration [26]. These procedures frequently
do not require extensive sample preparation and can be
automated to handle the increasing load on the analysts.
Their importance is in their ability to screen for a group
of drugs and therefore to act as a presumptive test.
Positive results should be confirmed by another method.

The present study was designed to cover several
aspects of forensic toxicology in three major areas.

(a) A relieable method was developed for the anlaysis
of basic drugs, using morphine and buprenorphine as model
compounds which are also drugs more commonly abused in the
Glasgow area. A novel extraction procedure was used,
bagsed on a commercially available chemically-modified
silica containing surface-bound benzenesulphonylpropyl
Extracts

groups, which served as a cation exchange resin.

prepared in this way were subsequently treated to form

chemical derivatives and analysed by GC-MS.

(b) Occupational exposure to solvents in palint.
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Monitoring hazardous occupational exposure to chemicals is
one of the forensic toxicology services. The acute
toxicity of solvent in cases of volatile solvent abuse is
well known. Also, the accumulation of solvent 1in
biological systems due to chronic exposure is becoming a
recognized hazard. Methods were developed for the
analysis of paint solvents at low levels in blood and a
pilot study was conducted with a workforce of painters to
isolate, identify and quantify the solvents in their blood
and to monitor changes in the course of the working week.
(c) Evaluation of thermospray and plasmaspray LC-MS as
a technique for forensic toxicology. Factors influencing
the production of 1ions in an LC-MS 1ion source were
investigated and optimised. The thermospray and
plasmaspray mass spectra of representative members from
several commonly encountered groups of drugs were recorded

under a range of conditions.
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CHAPTER TWO

MASS SPECTROMETRY AND CHROMATOGRAPHY

2.1 INTRODUCTION

This chapter provides a brief background to the
principals of massg spectrometry, chromatography and the
interfacing of these two systems, which are related to the
work presented in later chapters. More detailed

descriptions are given in References 27-29.

2.2 MASS SPECTROMETRY

Mass spectrometry (MS) has become one of the most
powerful analytical methods for the structural
identification of organic compounds [27,29-32]. At
present the mass spectrometer 1s an indispensible tool in
the fields of organic chemistry, pharmacologqy,
biochemistry, pollution studies and toxicology, including

forensic toxicology.

It is an instrument that produces 1ions from a
molecule, separates these 1ions as a function of their
mass-to-charge (m/z) ratio and records and displays the
relative abundance of these 1lons. The mass spectrometer

may be conveniently divided into five basic components as

shown in Figure 2.1.

2.2.1 Sample Inlet Systems

The interior of a mass spectrometer is under a high

vacuum (10‘5—10"6 Torr) in order to minimize the number of

collisions undergone by ions and thereby maximize the
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number of ions reaching the detector. The inlet system

must enable the sample to be introduced without 1loss of

vacuum and must be capable of handling gas, 1liquid or

solid samples. A mass spectrometer can have one or more

0f these inlets.

(1) Direct Insertion Probe

The solid sample is placed in a small glass tube at
the end of the probe, then the probe assembly is inserted
through a vacuum lock into the ion source. The sample is
vaporized directly into the source, either by the heat of
the source or by a probe heater, to give optimum
volatilization of the sample without producing thermal
decomposition. The probe temperature can be programmed to

vapourise higher boiling components if the sample is a

mixture. The advantage of the probe is that it allows
rapid analysis for a pure sample. Samples containing a
mixture of compounds require a combination of

chromatography with mass spectrometry to obtain pure mass

spectra.

(II) Direct Inlet

These usually take the form of a heated, evacuated
reservoir connected to the mass spectrometer via a
molecular leak capillary. It is either employed for the
introduction of 1liquid samples, such as a reference
compound, or for gas samples where a precision calibrated

chamber with a set of valves 1s used for accurate pressure
and volume ratio measurements.

(I1I) GC Interface

This will be discussed in Section 2.4.2



(IV) HPLC interface

This will be discussed in Chapter 5

2.2.2 Ionization Systems (Ion Source)

Mass spectrometry requires that the molecules for
analysis first be ionized. The ion source system
(Figure 2.2) incorporates ion lens plates to focus the ion
beam as well as extracting and accelerating the ions into
the analyser. Two types of ionization will be discussed,
namely, electron impact (EI) and chemical ionization (CI):-

2.2.2.1 Electron Impact

Electron impact 1s the most widely used method of
ionization. The vaporized sample molecules are bombarded
with a stream of electrons which will ionize and fragment
the molecules. The fragmentation of the molecule 1is
reduced by using lower electron energies so that, although
there is less total ionization current, there is a larger
proportion of the fragments in the higher mass 1ions.
Operation at low electron energy can 1lead to great
variation in fragmentation pattern. However, the majority
of EI work has been done at 70eV, where the fragmentation
pattern at this relatively high electron energy does not
vary 80 much. The excess energy absorbed causes

fragmentation of sample molecules to produce both positive

and negative 1ions which can be represented by the

following equations:

I. Positive 1lons

(1) formation of the molecular ion

- t - Equation 1.
Parent molecule ABCD + € —) ABCD* + 2e q
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(ii) fragmentation of the molecular ions

ABCDY —3 A* + BCD. or A. + BCD*

Equation 2.

+ +
—» AB" + CD. or AB. + CD Equation 3.

+

—» ABC” + D. or ABC. 4+ DV Equation 4.
aB* ’ A* 4y B or & 4 BY Equation 5.
where ABCD' represents a radical ion

A., etc., represent a radical.

+ .
AB', etc., represent an even-electron ion.

II. Negative ions

(i) production of an ion pair

AB + e—PpAT + B” + & Equation 6.
(ii) capture of an electron with dissociation

AB + e—Jp A + B~ Equation 7.

(iii) «capture of an electron

AB + e —)p AB~ Equation 8.

Ions with a 1life time more than 10°° sec will be
detected intact. Those with very short life times, less
than 10'6 sec will decompose in the source of the mass
spectrometer and will not be detected. The 1ions of
intermediate 1life time (10_5—10—6sec) are accelerated
from the source of the mass spectrometer with mass (Ml)
but decompose to a smaller 1ion of mass (Mz) before
reaching the detector. In the case of a magnetic sector

jnstrument, a broad metastable peak (M*) is observed at a

non-integral m/z value represented by the relationship:

2 + + M (neutral) Equation 9.
M* = M for Ml—’Mz + (

—

M,y

The presence of a metastable 1ion can conflrm a
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hypothesis for a fragmentation reaction.

2.2.2.2 Chemical Ionisation

Chemical ionisation 1s one of the 'soft ionization

techniques, where the molecular ion or quasimolecular ion

is obtained and fragmentation is kept to a minimum, which
is not always obtainable in electron impact. The sample
is mixed with a large excess of a reagent gas (R), such as

methane or isobutane, which is ionized by electron impact

to give the primary ion R*. This reacts with further
reagent gas molecules to produce a number of
chemically-reactive secondary ion species. The secondary

ions subsequently react with sample molecules (M) by a
transfer of a proton to produce new ions with a mass one
greater than the molecular weight. An adduct of the
molecule with the reagent gas can also be formed. These

reactions are represented in the following equations:

R + e 29__.) [RY] —R-)(R + I—l)+ Equation 10.
(R+H "+ M —p M+ H +R Equation 11.

—p» M - H) + RH2 Equation 12.
M+ [R+ H —p M+ (R +H]" Equation 13.

Using a mass spectrometer source equipped with

electron impact and chemical ionisation facilities, both

spectra can be recorded alternatively throughout the

analysis thus providing both molecular weight and

fragmentation information from a single analysils.

Mostly positive ions are generated. Negative 1ions

are 3 or 4 orders of magnitude less numerous than the

ositive ions However, an increase 1in negative 1on
p -
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sensitivity of several orders of magnitude can be obtained

using negative 1ion CI for compounds with high electron

affinity.

Other soft 1ionization techniques include field
desorption, field ionization, atmospheric pressure
ionization and fast atom bombardment. Each increases the
range of sample types which may be studied by mass

spectrometry.

2.2.3 Ion Separation Systems

After leaving the ion chamber in the source, the
ions are accelerated with an acceleration potential (V)
of about 8KV into the mass analyser where they are
gseparated according to their m/z ratios by employing a
magnetic sector or quadrupole filter. The 1ions follow
path of radius (r). 1Ions of different m/z may be brought
to focus at a detector (Figure 2.3) by variation of the

magnetic field (H) according to the following equation:

m/z = Hzr2 Equation 14.
2V

lons of all m/z ratios can be obtained by scanning the
magnetic field (Equation 14.) at a fixed value of r & V.
Alternatively the mass spectrum may be scanned by varying

Vv while the magnetic field is held constant. In the

double focussing mass gpectrometer, an electrostatic

analyser (ESA) is added before the magnetic analyser but

after the ion source to provide an initial energy focus to

the ions leaving the source by restricting the range of

iti i urved
their 1initial velocitles. 1t consists of ttwo ¢

plates with a high voltage (approximately 500V) between

. . . . he
fham Thov Aare usually driven with one positive and t
* famitn L~ oae PN ey

R s ST
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other negative with respect to ground so as to give zero
mean potential along their centreline. The ions will pass

through the ESA if

mvZ = Ez Equation 15.
L d

where m is the ion mass, v is the ion velocity, 2z 1is the
charge on the ion, L is the ESA mean radius, E 1is the

differential ESA voltage and d is the ESA gap. This leads

to:-
L = 2d (amv) 2 Equation 16.
Ez
L = 2d U Equation 17.
Ez

where U is the kinetic energy of the ion, which means that
ESA 1s an enerqy analyzer. The beam passing from the ESA
through the energy 1limiting slit c¢an be 1input to the
magnetic analyzer.

The equation of motion of an ion passing through
the magnetic sector (Equation 14) can be restated as

m/z = H2r2d2 Equation 18.

E L
The resolution (R) is the ability of the mass spectrometer
to separate adjacent masses by a given amount and 1is

expressed by the following equation:

R = M1 Equation 19

where M1 is the mass at which resolution 1is to be

measured and AM 1is the peak width for a 10% valley
between the peaks. The ion beam must be double focussed

to perform high resolution mass spectrometry.
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2.2.4 Ion Detection and Amplification

Detection 1is usually by an electron muliplier or by
a conversion dynode and photomultiplier. The current
generated 1is amplified typically by a factor of 106.
The output is recorded by the data handling system.

2.2.5 Data Handling Systems

Most modern mass spectrometers are equipped with
computer systems which c¢can control the instrumental
parameters of the mass spectrometer as well as process the
vast amount of data it generates, especilally when the mass
spectrometer 1is connected to a chromatograph [27,33-35].
It allows manipulation of the data, 1including background
subtraction, library matching and plotting of

chromatograms and spectra.

2.3 CHROMATOGRAPHY

All forms of chromatography involve the separation
of compounds as a result of a partition between two
different phases, one mobile and the other stationary, and
by exploiting differences in their physical or chemical
properties. Each compound in a mixture partitions to a
different degree between the two phases so that, as they
are carried along over a bed of the stationary phase, a
geparation occurs. The longer this process is allowed to
continue, the greater the separation achieved until the
components emerge from the bed one by one into a detector.
Although there are many forms of chromatography available,
only high performance liquid chromatography (HPLC) and gas

chromatography (GC) will be discussed.



2.3.1 GC_and HPLC

The basic components of GC and HPLC instruments are

listed in Table 2.1.

Table 2.1: Basic components of GC and HPLC instruments.
GC HPLC

1. Carrier gas source Solvent reservoir

2. Sample inlet Pump

3. Column Injector

4. Detector Column

5 Ooven Detector

6. Recorder Recorder

The chromatogram obtained in both systems (Figure 2.4)
containg the analytical data for the components of a
mixture. Qualitative information appears in the
characteristic retention time of each compound.
Quantitative information is contained in the peak height
or area. A chromatogram is also a valuable measure of the
performance efficiency of the chromatographic system which
produced 1it. The retention time (or retention volume
in HPLC) is a characteristic of a given sample/
chromatographic system combination expressed 1in absolute
terms. When it 1s related to a non-retained sample
(usually solvent) it 1is called the relative partition

coefficient or capacity factor (k'):

K t, - Y Equation 20.

Where ty and t, are as defined in Figure 2.4.
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The separating ability of the column for components a and

b is called the resolution (R):

t -t
Rab b a

Equation 21.

and the separation factor Tab is given by:

kl
Tap = —}EQ = O Equation 22.
a

Where ka and kb are the capacity factor for
components a and b respectively and o 1is the selectivity
factor. The column efficiency is measured by (h), the
"height equivalent to a theoretical plate" (HETP):

h - column length Equation 23.

N

where N is the number of theoretical plates, which
measures the column efficiency in producing narrow peaks

and is given by:

N = 5.54 a Equation 24.

The linear velocity of the mobile phase (u) is given by:

u = column length Equation 25.
to

These parameters can be calculated and then used as
a guide to the operation of the column and for determining
the changes that can be made to achieve optimum
performance for a given analysis. They are also dependent
on the specific mobile phase and stationary phase used and
the physical characteristic of the colunmn. The column

parameters are described in the Van Deemeter equation:



h =A + B/u + Cu Equation 23.

where u is the flow rate of the mobile phase and A, B and
C are constants which are related to the physical
processes occurring within the column. A full discussion
of the equation is given in the literature [36-38].

2.3.2 GC Columns

GC columns mostly fall into two distinct
categories: packed and capillary columns.

2.3.2.1 Packed Columns

Packed columns have, in general, low efficiencies
and separating capabilities but have a higher capacity for
the sample material. Table 2.2 presents a comparison
between essential parameters of packed and capillary GC
columns.

Table 2.2: Essential parameters of capillary and packed
GC columns.

Parameter Packed Capillary
Length (m) 2-5 10-50
I.D. (mm) 2-4 0.2-0.5
Thickness of stationary phase (um) 1-10 0.05-5
Capacity per peak 10ug 100ng

up to up to
Total plates 5000 150, 000
Carrier gas All H2, He
Carrier gas flow rate (ml/min) 20-50 0.5-5
Carrier gas pressure (p.s.1) 10-40 3-15

Gas chromatography can be subdivided according to
the stationary phase into:

I. Gas-solid chromatography

The stationary phase is an active solid which 1is
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used for separation of low molecular welght materials. An
example of such phases is Tenax-GC which is used both as a
chromatographic phase and as an absorbent for volatile
substances prior to analysis. Carbon monoxide in blood is
commonly measured using another solid phase, molecular

sieve 5A.

I1. Gas-liquid chromatography

The stationary phase (liquid) 1is coated on a
support material. The latter should have a very large
surface area and uniform particle size, free from fines,
and should be mechanically robust and chemically 1inert.
The most common support particles are formed from
diatomites.

The stationary phase 1is selected to suit the
analysis required from non-polar, moderately polar and
polar 1liquid phases such as SE-30, OV-17 and OV-225
respectively. Higher efficiency and lower column bleed is
obtained with a 1low 1loading of the stationary phase

(weight percent of the support material), in the range

1-8%.
2.3.2.2 Capillary columns

Capillary columns are available in glass, stainless
steel and fused silica. The first two are not frequently

used now due to the fragility of the glass and the
presence of active sites on the stainless steel. The
coating of the stationary 1liquid ©phase inside the
capillary column can be in three forms [39]:

(1) Wall coated open tubular (WCOT)

(ii) Support coated open tubular (SCOT) where the film
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of the stationary phase is stabilised by support particles
adhering to the inner surface of the column.

(1i1) Porous-layer open tubular (PLOT)

Chemical bonding of the stationary phase to the
column (chemically bonded columns) provides stability of
the phase and the columns will retain their efficiency
longer than non-bonded columns.

Fused silica columns are flexible and, with an

external coating of ©polyimide ©polymer, are extremely
rugged. Both polar and non-polar stationary phases with
high efficliency are available. They have superior

resolution which can separate complex mixtures with narrow
peaks, considerably enhancing the detection limit.
Derivatization of polar compounds and non-volatile
compounds might be required to convert them to more
volatile and easily chromatographed compounds. Active
protons such as those found in acids, amines, alcohols and
phenols are reacted to form more inert ester, ether or
silyl derivatives.

2.3.3 HPLC Columns

Conventional HPLC columns are usually constructed
from straight, high quality, polished stainless steel or
glass tubing with the following dimensions: 10-30cm long,

4.5-5mm I.D and 6.3mm O.D. They are usually packed with

stationary phase under high pressure. The stationary
phase consists of rigid, porous particles 3-10um 1in
diameter. small particles allow rapid diffusion of

solutes between mobile and stationary phase and provide

high column efficiency within the pressure capabilities of
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the HPLC pump. An adequate flow rate can be obtained
without exceeding the pressure limits of the column which
might distort the packing material. Microbore columns
(narrow-bore packed columns) are available for microcolumn
HPLC [40] but their application in forensic toxicology is

limited.

2.3.4 Separation mechanisms in liquid chromatography

(1) Liquid-solid (adsorption) chromatography

This 1s based on the competition for sites on the
active adsorbent surface of the stationary phase (e.q.
silica gel), between molecules of the sample and those of
the mobile phase or 1ts components. The mobile phase
(eluent) 1is usually less polar than the stationary phase.
Such systems are described as normal phase.

(i1) liquid-1iquid (partition) chromatography

The stationary 1liquid phase 1is coated on an inert
support. It must be immiscible with the mobile phase.
Partition 1s <called normal phase, when the stationary
phase is more polar than the eluent; eluant systems use
non-polar organic solvents in which the sample has limited
solubility, modified by a good solvent for the sample
which would, if present in excess, cause rapid elution of
the components from the column.

(iii) reversed phase chromatography

In reversed phase chromatography the mobile phase
is more polar than the stationary phase. The most common
example of this type of stationary phase 1s chemically
bonded silica with Cig hydrocarbon substituents. Mobile

phases are based on water to which a water-miscible
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organic solvent is added to modify the elution
characteristics of the sample.

(iv) Ion exchange chromatography

The sample interacts with anionic or —cationic
groups on the solid stationary phase. An anion exchanger
possesses positively charged sites while a cation
exchanger bears negatively charged sites. The degree of
sample retention is decided by the pH of the mobile phase,
the concentration of buffer solution in the mobile phase
and the presence of any counter 1ons which could compete
with the sample for the charged sites on the ion exchange
surface. Secondary mechanisms c¢an also be present, such
as hydrophobic¢ interaction, and these should be considered
when selecting the eluant.

(iv) Steric exclusion chromatography

The separation relies on the different rates of
diffusion or permeation of molecules of different size
through the porous matrix of the stationary phase. Large
molecules, unable to enter the ©pores, elute first,

followed by progressively smaller species.

2.4 INTERFACING CHROMATOGRAPHY WITH MASS SPECTROMETRY

General detectors of GC and HPLC are not within the
scope of this presentation. They have been extensively
discussed 1in text books [38,41-45]. The use of mass
spectrometry, interfaced with GC and HPLC, as a detection
system, is presented. HPLC-MS is discussed in Chapter 5.

2.4.1 Gas Chromatography-Mass Spectrometry

The combination of GC with mass spectrometry
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(GC-MS) has achieved a considerable importance 1in the
field of chemical analysis and detection [26,46,47]. It
is now a well-established, routinely-used technique. The
chromatography provides the separation of substances,

while MS provides universal detection and unequivocal

identification, especially in the field of forensic
toxicology. Detection limits are in the range
10—9—10”12g by SIR, which cannot be obtained by many

other detection methods.

2.4.2 GC-MS Interfaces

The eluent leaving the GC column is at atmospheric
pressure while the MS ion source operates at 107° Torr.
So for the direct connection of GC and MS, the volume or
pressure of the carrier gas must be reduced to avoid
destroying the high vacuum condition. The ideal interface
device would remove all the chromatrographic mobile phase
and transfer all the solute to the 1ion source without
degrading chromatrographic¢ elution. A comparison of GC-MS
interfaces 1s presented 1in Table 2.3 and schematic
diagrams of them are shown in Figure 2.5

2.4.2.1 Capillary column direct interface

The flow rate of a capillary column is in the range
0.5-3ml/min, which c¢can be accommodated by the vacuun
system of the MS while still maintaining a suitable
pressure in the ion source, so it is possible to introduce
the fused silica capillary column directly into the 1ion
gsource. Fused silica tubing can also be used to interface
glass or metal capillary columns. All of the sample

eluted from the GC enters the MS ion source.
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TABLE 2.3: Comparative performance of GC-MS interfaces [27]

s . Efficiency Yield Dela C i
Classification Y arrier

X % sec. Y IReIY  Gases

Ideal Infinite 100 0 1 yes All

Direct Split 1 1-100* 1 1 Yes All
Jet 100 40 1 1-2 Yes He,H2
Effusive 100 50 1 1-2 Maybe He.H,
Permeable 1000 80-95 var- 3 Maybe Inor-
membrane iable ganic
Direct 1 100 1 Yes He,H2

X Concentration in MS source/concentration in GC peak
Yield % = quantity in MS source/quantity in GC peak x 100.
Y = peak width in MS/peak width from CC

* split ratio

2.4.2.2 Packed column interfaces

The flow rate of a packed column (20-50ml/min) 1is
too high to be introduced directly into the MS. One of
the interfaces described below is required:

(1) Effusive interface

The effluent of the GC passes into a tube of porous
glass enclosed 1in a Vvacuum. The 1light carrier gas
(helium) will preferentially pass through the sintered
glass of ultrafine porosity into the wvacuum region and be
pumped away. The ability of a molecule to pass through
the small pores in the glass 1is inversely proportional to
its mass, so few sample molecules of high molecular welght
compounds will be lost. This interface is unsuitable for
small molecular weight compounds and it has a 1large dead
volume which broadens the chromatographic peak shape.

(ii) Jet orifice interface

The effluent from the GC passes though a small



- 33 -
jet orifice where the gas stream increases in velocity and
passes into a vacuum region in the direction of a
collector orifice. This is about 0.5mm apart from and
directly in line with the first orifice, and is connected
directly to the ion source. The molecules with greater
momentum (and lower diffusion coefficient) pass 1into the
orifice while the 1lighter molecules with less momentum
(higher diffusion coefficient) such as the helium atom are
preferentially pumped away in the vacuun region. This
type of 1interface <can be used for capillary column
interfacing as well, if make-up gas is added to the column
effluent before the separation.

(iii) Permeable membrane interface

The GC effluent 1is passed over one surface of a
silicone rubber membrane, while the other side is open to
the ion source vacuum. The organic molecules dissolve on
its surface and permeate through into the vacuum region of
the MS. The carrier gas is vented to atmosphere.

(iv) Direct split interface

The effluent of the GC is split in the interface
(by venting a portion to atmosphere) to accommodate the
pumping capacity of the MS. The remainder enters the MS
source directly.

Other techniques combining chromatography with mass
gspectrometry include supercritical fluid chromatography-
mass spectrometry (SPC-MS) [48], while techniques for
sample component discrimination without chromatography
include the recently developed techniques of tandem mass

gspectrometry (MS-MS) and Fourier transform mass



- 34 _

spectrometry (FTMS) [32,48]. They ©provide high mass

capabilities and low detection limits.

2.5 DATA ANALYSIS

The data generated by GC or LC-MS are utilized for
both identification and quantitation of the analyte.

2.5.1 Identification

A mass spectrum of a compound under a specific set
of experimental conditions is as unique as a fingerprint.
Identification of the unknown spectrum can be performed by
one or more of the following methods.
2.5.1.1 Fundamental interpretation of the
fragmentation pattern to propose a chemical structure for
the compound [29,49-52].
2.5.1.2 Comparison of the mass spectrum with
libraries of reference spectra including:

I. Eight Peak Index (Mass Spectrometry Data

Centre)([53].

I1. Environmental Protection Agency - National
Institute of Health (EPA-NHS) mass spectral data base [54].
III. Wiley-NBS (National Bureau of Standards) mass
spectral data base for computer library search [55]. The
computer can perform rapid and accurate library matching,
although the basis for comparison can be complex. Both
data storage space and search time are considered for the
type of search. Three types of comparison - purity,
mixture and reverse fit - can be used. A purity search

makes a direct comparison between the unknown and the



- 35 _
library. A mixture search looks for library entries which
match a subspectrum of the unknown. A reverse search
looks for library entries which best contain the unknown.
Iv. Smaller libraries which are constructed by the user
from commonly encountered drugs found in previous
analyses [56].

V. Other textbooks and publications [12,51,57].

VI. The most common and reliable method is by running
an authentic standard at the same time and under the same
conditions.

2.5.2 Quantification

Quantitative analysis using mass spectrometric
detection was enabled by coupling it with gas
chromatography which provides the separation necessary for
re