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Abstract

This thesis addresses the factors involved in the 
optimisation of the performance of a commercial 
thermospray source. This technique along with fast atom 
bombardment and electron impact ionisation were used in 
the application of mass spectrometry to quantitative 
measurements in toxicological and pharmaceutical studies.

Many thermospray source designs incorporate a 
repeller electrode to enhance fragment production. It is 
known that any applied potential can affect the observed 
spectrum. Altering the position of this repeller was found 
to affect the influence its potential had on the 
quasimolecular ion species and on fragmentation. This was 
further investigated by using repellers of different 
shapes and designs.
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Acrylamide is a potent cumulative neurotoxin in 
animals and man. Acrylamide is a reactive electrophile 
which can form a covalent adduct with cysteine, and it has 
been shown that exposure can lead to a depletion in the 
levels of cellular glutathione. The kinetics of the 
reaction between glutathione and acrylamide was studied in 
solution by fast atom bombardment and thermospray mass 
spectrometry. To establish which was the most preferable 
technique for this purpose, the effects of pH, temperature 
and concentration on the rate of reaction were 
investigated. Direct monitoring of the reaction on the FAB 
probe was found to be unsuitable in this case. Thermospray 
was found to be more versatile for a wide range of 
reaction conditions.

Chlormethiazole is a drug having sedative properties, 
which can be used in the treatment of drug withdrawal 
symptoms and insomnia. A gas chromatographic-mass 
spectrometric method was developed for assaying 
chlormethiazole in blood plasma at low concentrations, 
each step being investigated individually to validate and 
optimise the method. Clinical samples forming part of a 
study into the effect of chlormethiazole on spontaneous 
movement during the night in elderly patients were 
analysed.
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Chapter 1. The Combination of Chromatography
with Mass Spectrometry
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1.1 Introduction
The need to separate, detect, and identify components 

in complex natural and synthetic mixtures is a problem 
which arises in many biomedical situations.1 Gas 
chromatography, (GC), high performance liquid 
chromatography, (HPLC), supercritical fluid 
chromatography, (SFC), and thin layer chromatography,
(TLC) are all well established techniques which are 
frequently used for such purposes.2*3 All of these 
techniques combine a high degree of sensitivity with 
selectivity4 but may not in themselves be sufficiently 
specific to enable unequivocal component identification.

Mass spectrometry (MS) is a technique which offers 
very good sensitivity, detection limits have been reported 
in the attomol range (10-18 mol)5, with highly specific 
structural information.

The coupling of chromatography with mass spectrometry 
creates a very powerful analytical tool with uses in many 
fields, as can be seen from the rapid growth of these 
"hyphenated" techniques. Whilst the direct combination of 
these techniques is desirable, the practicalities of doing 
so can in some cases be particularly troublesome. This 
stems from the fact that the requirements for the optimal 
operation of one part are often incompatible with those 
for the other. Despite these inherent difficulties 
successful interfaces have been developed for mass 
spectrometry with all of the chromatographic techniques 
mentioned.
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1.2 Gas Chromatography - Mass Spectrometry
Since its first steps in 1957®, GC-MS has proved to 

be an invaluable technique for the analysis of mixtures of 
compounds of reasonably high volatility and thermal 
stability, and for those which can be chemically 
derivatised into such.7

With the use of high resolution capillary columns the 
identification of each component in a mixture on the basis 
of retention time data becomes more reliable than with 
packed columns. However this is very often not sufficient 
to provide unequivocal identification. For this reason 
the combination of GC with MS is desirable as it will give 
separation of components in both time and spectral 
domains.

The most critical part of the instrument is the 
interface between the gas chromatograph and the mass 
spectrometer. This should be designed such as to put no 
additional operating constraints on either of the two 
parts, and not to compromise the operation of either. 
Ideally the interface should exhibit four characteristics:
1. The interface must reduce the pressure at the column
exit from atmospheric to approximately 10"4 torr at the
ion source.
2. The interface should be as inert as possible.
3. The interface should not contribute any extra band
broadening to the chromatographic peaks.
4. The interface should minimise the vacuum effects on
the column.
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There are three systems which are in common use 
today. The molecular separator is the arrangement most 
commonly employed with packed columns. Although the use of 
packed columns has declined over the last few years, they 
have the advantage of allowing the use of highly polar 
stationary phases which cannot be coated on to silica 
columns. Many different types of molecular separators 
have been described8, the most popular of which is the 
glass jet separator, shown in figure 1.

N a rro w  |et o l heavier 
molecules reaches ex it tube

Fro m  gas 
chrom atograph

To mass 
spectrom eter

H e lium  |et expands, 
missing exit tube

Glass Jet Separator 
Figure 1

The GC eluent (typically 25-30 ml min-1 at s.t.p.) is 
expanded through a small orifice into a region of low 
pressure. The helium carrier gas, having a lower molecular 
weight than the analyte diffuses much faster into this 
region. The carrier gas therefore radiates out from the 
orifice into a "cone" of larger diameter than that of the 
analyte. A small entrance skimmer to the mass spectrometer 
is placed on the axis of the GC line a short distance from
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the GC outlet. The material sampled by this skimmer is 
enriched in analyte vapour relative to carrier gas. The 
performance of this device can be enhanced by the addition 
of a movable mica blade between the orifice and skimmer.
By inserting the blade at the time of injection, solvents 
and reagents can be dumped to waste, thereby prolonging 
the lifetime of the source filament. The fact that this is 
an enrichment device means that a proportion of the 
analyte is likely to be lost along with the carrier gas.

The most dramatic change in GC over the past 15 years 
has been the shift from the use of packed columns to 
coated capillary columns.1 This type of column is longer 
and narrower, and is characterised by gas flow in the 
region of 0.5-2 ml min-1. The pumping system of a modern 
mass spectrometer is quite capable of handling flows of 
this order whilst maintaining a sufficiently low pressure, 
which means that the end of the capillary column can be 
placed directly in the ion volume of the mass 
spectrometer. This second arrangement has the advantage 
that the entire eluent is directed into the MS and so no 
sample is lost. It has the disadvantage that with short 
columns (less than 12 m) the vacuum can adversely affect 
both the resolution and retention characteristics of the 
column.9 The other drawback of this interface is that the 
column cannot be removed without venting the MS to 
atmosphere.

The third way is the "open split” configuration shown 
in figure 2. In this case the column and the transfer line
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to the mass spectrometer come together in a manifold which 
is at or slightly above atmospheric pressure. This 
effectively isolates the column from the vacuum since the 
manifold gas rather than the carrier gas is pulled into 
the source. This arrangement has several advantages: 
excellent reliability, since no vacuum seals are required, 
the column can be changed without venting the mass 
spectrometer, the solvent can be removed at the manifold, 
and the proportion of eluent entering the mass 
spectrometer can be adjusted by varying the flow of 
manifold gas.

Restriction Column

MS

FIDPump

QC

Helium

Open Split Interface 
Figure 2

The choice of a suitable interface will allow the 
maximum flexibility in the choice of chromatographic and 
spectrometric parameters. The use of these interfaces 
means that the GC is compatible with a range of mass 
spectrometers from relatively inexpensive bench top ion

20



trap devices, through quadrupole and sector instruments up 
to very sophisticated high resolution and tandem (MS-MS) 
instruments.

The choice of which type of MS to use is ideally 
determined by the type of analysis required. When the 
identification of unknown components in a mixture is 
required, this can often be achieved with an ion trap or 
single quadrupole, operating in the electron impact (El) 
mode. If more specific molecular weight information is 
required, chemical ionisation (Cl) may be employed, which 
means that a slightly more complex instrument with 
differential pumping capabilities is required. GC-MS with 
negative ion Cl (NICI) in the selected ion recording (SIR) 
mode has been used for the detection and quantification of 
lyso-platelet activating factor (PAF) at low pg levels.10 
GC-MS is used extensively in medical studies for the 
measurement of isotope ratios. Isotopically labelled drugs 
can be synthesised and administered to patients. By 
monitoring the isotope ratios in the various labelled 
products the metabolic functions of the drug can be 
investigated.11 GC coupled to a high resolution sector 
instrument can be used when quantifying specific analytes 
in the presence of interference from closely related 
molecules. This approach is used extensively for the 
analysis of dioxins in environmental samples.12 Another 
approach to obtaining maximum specificity of analysis is 
to couple to GC to a MS-MS instrument. In this type of 
experiment, specific parent ions are mass selected in the
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first MS, these are then collisionally dissociated in a 
collision cell and the second MS set to record 
characteristic daughter ions from the required analyte. 
This type of experiment is known as selective reaction 
monitoring (SRM). These type of GC-MS-MS experiments can 
be used for the analysis of specific analytes in complex 
matrices, and can preclude the need for elaborate sample 
clean up procedures which may be needed if a less 
sophisticated instrument is used.

The range of compounds which are amenable to GC is 
limited to those of relatively high volatility and thermal 
stability. This range can be extended by chemically 
modifying the analyte to a derivative possessing the 
required properties. Derivatisation can not only make the 
compound amenable to GC but the derivative can be designed 
to give the maximum sensitivity, or to give specific 
structural information. Dommes et al.13 showed that by 
preparing trimethylsilyl (TMS) ether derivatives of esters 
of fatty acids, precise assignment as to the position of 
the double bonds is possible. Selection of ionisation 
techniques for derivatives can lead to the formation of 
ions carrying a high percentage of the total ion current. 
Under El conditions, t-butyldimethylsilyl (TBDMS) 
derivatives frequently give abundant [M-57]+ ions.14 
Derivatisation of 4-hydroxy-debrisoquine with 
hexafluoroacetone, when analysed under NICI conditions can 
give a limit of detection of 500 fg.15
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1.3 Liquid Chromatography ^ Mass Spectrometry
The problems of combining GC with MS are simple 

compared with those associated with the coupling of high 
performance liquid chromatography (HPLC) with MS, and

LC-MS has been described as a difficult courtship.16 
The major problem arises from the fact that conventional 
HPLC flow rates are in the order of 0.5-2.0 ml min-1.
1 ml min-1 of liquid pumped through the LC can equate to 
200-1000 ml of gas at atmospheric pressure. The approaches 
to over coming this incompatibility are many and varied17 
but can be grouped into two types of interface.
1) Those that remove the solvent prior to entering the MS.
2) Those that make use of ionisation of the analyte by 
evaporation from the eluent.

1.3.1 Removal of Solvent Prior to Introduction 
1 ♦ 3 . 1♦1 Moving Belt Interface

Initial studies in this area were based on a 
stainless steel wire system,18 where solvent was removed 
in two vacuum locks and the analyte was flash vaporised 
into the ion source. This system enabled both El and Cl 
spectra to be obtained. The moving wire interface suffered 
from the fact that only 0.01 ml min-1 of the LC eluent was 
carried into the MS. This problem was initially addressed 
by McFadden et al.19 who replaced the wire with a 
continuous steel belt. A clean up heater and scrubber were 
added after the ion source to remove any residual solute 
remaining. The steel belt was superseded by a polyimide 
one20 which had less possible sites for decomposition of
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thermally labile samples. The two main problems associated 
with the moving belt interface are that of sensitivity and 
stability of the signal. Sensitivity has been improved by 
extending the belt into the ion source, whilst the signal 
stability has been improved with the use of spray 
deposition devices.17 A modern moving belt interface is 
shown in figure 3.

Sample (flash) 
heater

Electron beam
source

housing

source

Vacuum
seals

ur

Infrared
heater

End of LC 
column

I I T M.t yV \
To pump To pump

Drive
wheels

Clean-up
heater 

To pump

Moving Belt Interface 
Figure 3

Using this system spectra can be obtained under El, Cl, 
and fast atom bombardment (FAB) ionisation in both 
positive and negative ion modes.21*22 Whilst the moving 
belt interface adequately meets the demands of the MS side 
of the instrument, constraints are placed on the LC. The 
evaporation of volatile solvents is efficiently achieved 
by infrared heating, but incomplete evaporation of 
reverse-phase eluents can lead to peak broadening, high 
source pressures and vacuum lock contamination.23 The most 
successful method of minimising these problems is achieved
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with spray deposition using a pneumatic nebuliser or 
thermospray device.17

Whilst commercial systems are available from VG 
Analytical and Finnigan MAT, the moving belt has not 
gained wide popularity due to the high capital outlay and 
the practical difficulties in its use.24

1.3.1.2 Particle Beam Interfaces
These type of interfaces have been developed from the 

work of Browner et a l .25»26»27 The LC eluent is nebulised 
at atmospheric pressure to form an aerosol. As the 
droplets pass along a warmed desolvation chamber, the 
solvent evaporates leaving a mixture of solvent and 
dispersion gas vapour with the less volatile analyte as 
solid aggregates. This mixture is forced through a nozzle 
and is allowed to expand into a low pressure region. As 
with the jet separator described in section 1.2, an 
orifice is placed opposite the nozzle. The lighter vapour 
spreads out further than the solids and is preferentially 
pumped away. That eluent which passes this point enters a 
second stage separator before entering the transfer line 
to the MS source. Using this system the source pressure 
can be kept low enough to obtain true El, Cl and FAB 
spectra. In later developments26*28 the orifices were 
replaced with skimmers of carefully calculated geometries 
which led to greatly improved sensitivities. A commercial 
particle beam interface is shown in figure 4.
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QbADRuPOLE 
'  a n a l y SER

E l/C l SOURCE

SKIMMER 2

VACUUM PUMP 1HE I IUM SKIMMER I

Particle Beam Interface 
Figure 4

A modification to this design by the Extrel 
corporation29 combined the nebulisation and desolvation 
stages into one process with the use of a heated 
nebuliser.

The particle beam interface does suffer with several 
problems. Maximum sensitivity is achieved at flow rates 
of 1 ml min-1 with methanol, but when eluents with a high 
aqueous content are used, sensitivity drops off 
dramatically above 0.5 ml min-1.30 As this device involves 
volatilising the eluent, any solutes which are readily 
volatile may be lost in the separator. When operated in 
the El mode, the source temperature has been found to be 
critical between one analyte and another.30*31 If the 
source temperature is too low peak broadening is evident, 
and a loss of sensitivity occurs. Perhaps the most serious 
drawback to this device is that the transmission of 
analyte through the separator becomes non linear below a 
concentration of 5 ng ml-1.30*32 It has been suggested
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that at low concentrations the aggregates formed are 
relatively small and are more likely to be pumped away. 
Apffel30 has studied the effect of adding a carrier to the 
eluent, and from his studies he suggests that this non- 
linearity is not solely a problem of separator design and 
that the chemistry of the analytes plays a role. This view 
is contested by others who believe that this problem is 
due entirely to separator design.33

Another approach to the particle beam interface came 
from the Vestec Corporation, who developed a "Universal 
Interface" consisting of a membrane separator and a two 
stage momentum separator.

The particle beam interface has now become a popular 
LC-MS interface due to its ability to produce Cl, FAB, and 
library searchable El spectra.34*35 This means that it is 
ideally suited to the automated identification and 
quantification of components in mixtures.

1.3.2 Ionisation out of Solution
1.3.2 .1 Direct Liquid Introduction (DLI)

The initial studies in this area were carried out by 
Tal*roze et al .36 who devised a method of introducing a 
small amount of liquid into an El source via a thin 
capillary tube. In order to maintain the pressure 
requirements for El, less than 0.1% of the eluent could be 
passed into the MS. McLafferty et a J .37 re-examined this 
approach and found that by using a Cl source with the 
solvent as the ionising reagent gas, a higher flow rate
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could be tolerated. The first continuous flow interface 
designed by McLafferty et al. 38•39 (figure 5), consisted 
of a glass capillary tube passed through the centre of a 
teflon rod machined to the diameter of the direct 
insertion probe. The end of the capillary was constricted 
by drawing it out in a flame. This together with cryogenic 
pumping of the source region allowed flow rates of 0.01 ml 
min*1 to be accommodated (approximately 1% of the total 
eluent). The flow was dictated by the maximum vapour 
pressure tolerated in the source and was controlled by a 
needle valve splitter placed at the head of the capillary. 
The spectra produced were of the solvent mediated Cl 
type40 and were dependent on the solvent/solute coupling.

R estriction

G ate  valve  
position

Vacuum 
for lock

Gloss
copillory lube
0 0 7 6  m m  i d

U  I J .

Needle
volveT eflon

( )  —  T -septum  os 
o lte rn a te  in let 
for “direct C l " 
samples

■±r Ground 

' ' 'O n  o ff volve

To 1 C  d e te c to r

Direct Liquid Introduction Probe 
Figure 5

There have been several variations on this system, 
but all suffer from the problem of the capillary blocking 
by deposition of solutes on the inside of the 
capi1lary. 1 6>39»4 1 »42 »43 The need to split the LC eluent 
means that typical detection limits are poor, 500ng for 
full scan and only 500pg for SIR.44'45 This problem was
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addressed by Henion et a_Z.,46 who by the use of microbore 
LC columns with flow rates of between 5 - 50 ul min-1 were 
able to introduce the entire eluent into the source, hence 
obtaining a substantial increase in on-column 
sensitivity.47 This type of DLI interface is a cheap and 
easy approach to LC-MS since modifications to the LC and 
MS are minimal. However only solvent mediated Cl spectra 
are obtained, removing the possibility of structural 
information provided by El, and the use of the solvent as 
the ionising reagent inhibits the detection of compounds 
of low molecular weight due to the presence of solvent 
cluster ions.

1.3.2.2 Continuous-Flow Fast Atom Bombardment (CF-FAB) 
The technique of CF-FAB is essentially similar to 

that of DLI and was devised to take advantage of the 
analytical capabilities offered by FAB whilst eliminating 
some of the negative aspects of the technique.48*49*50 
The eluent from the LC containing a low concentration of a 
matrix material, is pumped through a silica capillary and 
allowed to flow onto the target of the FAB probe inside 
the ion source. The liquid flowing across the tip is 
bombarded by atoms or ions in the same way as for static 
FAB. The eluent flow is limited to about 5 ul min-1 by the 
pumping speed of the MS. The CF-FAB interface shows 
advantages over the conventional FAB as well as its 
ability to carry out LC-MS in real time. A conventional 
FAB experiment gives rise to substantial chemical noise in
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the spectrum due to radiation damage of the molecules 
present at the matrix surface, and intense ions derived 
from clusters of the matrix molecules. Suppression effects 
are encountered in FAB and are often due to the tendency 
of hydrophilic compounds to migrate to the interior of the 
sample droplet, away from the sample/vacuum interface. At 
the same time hydrophobic compounds tend to migrate 
towards the surface layers suppressing the ionisation of 
the other compounds.51*52 In CF-FAB the liquid film is 
continually replenished and so these effects are less 
significant. In favourable cases the sensitivity of CF-FAB 
can be as much as 200 times greater than that provided by 
static FAB. This occurs primarily as a result of a 
decrease in chemical noise, and only partially as a result 
of increased ion production.49 This increase in 
sensitivity is however limited by the size of the analyte. 
Above approximately 5000 daltons no increase in 
sensitivity is seen over static FAB.53 CF-FAB has a 
tendency to diminish the ion suppression effect, and it is 
believed that this decrease is a result of the thin layer 
formed on the target and the mechanical mixing which 
occurs as the liquid flows over the target surface.52*54 

The main problem with CF-FAB is the difficulty in 
maintaining stable operation of the device.53 The problems 
which have to be addressed to achieve a stable signal are:
1) preventing backflow of liquid around the capillary,
2) matching the evaporation of solvent from the capillary 
with the flow, and
3) maintaining a thin film on the FAB target.
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Backflow around the capillary leads to a build up of 
liquid between the capillary and probe tip which can 
evaporate causing sample spitting. The use of a septum 
behind the probe tip, or wrapping the capillary with PTFE 
tape has been found to alleviate this problem.53

The correct rate of evaporation is achieved by 
careful temperature control of the probe tip. If the 
temperature is too high the solvent will evaporate too 
soon and the capillary can block. If the temperature is 
too low the solvent will erupt out of the liquid film and 
give rise to instability.

Early devices used a flat or domed shaped probe tip 
designed to let the eluent flow out and away from the 
sampling region. These devices often had the problem of a 
build up of liquid into a large drop on the tip leading to 
considerable memory effects. This problem was addressed by 
Ito et a l .55 who developed their "Frit FAB" system. Their 
probe had a very fine mesh placed at the end of the 
capillary, so the eluent was forced through it creating a 
thin film on the surface. This approach has been taken up 
by the other manufacturers who use a variety of screens 
and absorbent materials to achieve the same result.53 A 
commercial screen and wick type probe tip is shown in 
figure 6.
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Screen and Wick Type CF-FAB Probe Tip
Figure 6

1. 3 . 2 . 3 Thermospray
This technique stems from the work pioneered by 

Vestal et al5* who employed a 50 watt C O 2 laser to rapidly 
vaporise the eluent from an L C , and used molecular beam 
techniques to transport the sample into the ion source.
The intention of this approach was to remove as much of 
the solvent by vaporisation as possible. The gaseous 
sample molecules could then be efficiently transferred 
into an El or Cl source. The laser was eventually replaced 
by direct heating of the capillary tube using four 
oxyhydrogen flames.57 In the course of this work it was 
found that under certain conditions, ions were produced 
even when the filament in the ion source used to produce 
ions was switched off.58 The resultant spectra, especially 
from non volatile compounds such as peptides and 
nucleosides were quite different from those obtained by Cl 
and were in fact most similar to those produced by field 
desorption (FD). From these original observations the
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technique has blossomed, the flame heaters being replaced 
by cartridge heaters and by direct heating of the 
capillary tube itself.59

A typical commercial thermospray source is shown in

I  DKJCK
1 temperature

To trap and 
mechanical 

pump

A Commercial Thermospray Source 
Figure 7

The vaporiser tube, due to the heating supplied, and its 
narrow diameter produces a supersonic jet of vapour 
containing fine droplets. As the droplets travel at high 
speed through the heated ion source region they continue 
to evaporate. The ion source has been designed to 
accommodate the excess vapour flow delivered from the 
vaporiser tube by direct coupling of the ion source to a 
150 L min-1 rotary pump connected via a 1 cm diameter 
pumping line to the source diametrically opposite the 
vaporiser probe. The ion source contains additional 
heating downstream of the vaporiser, so as to continue the 
evaporation of the micro-drops and to maintain a nearly 
constant vapour temperature. The ions generated in the ion
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source are transmitted into the mass analyser through a 
sampling cone placed in the path of the vapour jet at 
right angles to the jet flow. A thoriated-iridium filament 
or discharge electrode can be included in the source 
design. Either of these may be particularly valuable when 
working with non-aqueous eluents or with eluents 
containing a high proportion of organic modifier. In these 
cases the solvent vapour is used as the reagent gas and 
solvent mediated Cl spectra are produced. If the eluent
contains a volatile inorganic buffer such as ammonium
acetate at a concentration of approximately 0.1 M, the 
interface can be used without these additional forms of 
ionisation and the mechanism of thermospray will occur.

The thermospray process begins with nearly complete 
vaporisation of the eluent at such a rate as to produce a
superheated mist of droplets carried in a supersonic jet.
These droplets consist of solvent and analyte molecules 
with ammonium, and acetate ions. Due to statistical 
fluctuations in the distribution of the positive and 
negative ions, droplets can have a positive or negative 
charge even though the overall aerosol remains neutral.
The evaporation of solvent molecules from the droplets 
decreases their radius and hence increases the surface 
charge density and the field strength acting on 
them.60'61*62 The maximum field strength acting on a 
charged droplet is limited by the onset of macroscopic and 
microscopic disintegration processes. At field strengths 
above the Rayleigh limit, the field stress exceeds the
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capillary stress caused by the surface tension of the 
liquid resulting in the formation of smaller droplets.63 
The ions produced in this first stage are called primary 
ions and in the case of positive ions consist of ammonium 
adducts of solvent and analytes, which may be solvated to 
various extents.64 The second stage of the process 
involves these primary ions undergoing gas phase ion- 
molecule reactions. The extent to which these secondary 
processes occur is dependent upon the temperature in the 
interface, the use of a repeller electrode and the 
pressure in the interface.

The ionising mechanism of thermospray makes the 
technique ideally suited to reverse phase LC systems 
containing a volatile buffer. The nature of the buffer 
system can have a pronounced effect on the overall 
sensitivity of the technique.65 The use of ammonium 
acetate in preference to ammonium bicarbonate or 
triethylamine in the study of pesticides has been shown to 
be dependent on the proton affinities of the analyte and 
the buffer. It was observed by Voyksner and Haney65 whilst 
analysing certain pesticides, that ammonium acetate 
created an easy environment for protonation and 
consequently the protonated molecular ion [M+H]+ was the 
base peak, whereas with the stronger base triethylamine, 
no significant [M+H]+ ion was seen.

A typical thermospray interface will allow eluent 
flow rates of up to 2 ml min-1 to be used. This has the 
advantage over the DLI techniques described earlier, in 
that higher flows enable conventional size analytical
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columns to be used, (25 cm x 4.6 mm i.d.) and a previously 
devised separation can be transferred to the LC-MS system 
with no alterations. The necessity for the presence of the 
buffer can lead to problems if the original "off-line" 
method did not use a buffer. Catlow66 observed that the 
addition of ammonium acetate can considerably alter the 
chromatography and cause difficulty when correlating LC-MS 
data with the original non-buffered chromatograms. In such 
cases the buffer can be added post-column and prior to the 
interface.

1 . 3.2.4 Electrospray
The technique of electrospray has similarities with 

thermospray in that ionisation occurs as a result of ion 
evaporation from charged droplets into the gas phase. In 
electrospray a high electric field applied at the surface 
of the liquid creates an electric stress which generates 
droplets, compared to thermospray which involves the use 
of heat. In electrospray the eluent is passed through a 
small jet which is maintained at a potential of several kV 
and at atmospheric pressure. The charged droplets 
evaporate and eject ions by the mechanism outlined in 
section 1.3.2.3. The ions are attracted towards the mass 
analyser through a sampling orifice held at ground 
potential which is continually washed with dry nitrogen 
gas having the twin functions of preventing ions from 
clustering and to prevent molecules from entering the 
vacuum chamber. The system may be fitted with a cryogenic
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pump to maintain sufficiently low pressures in the 
analyser.67 This type of electrospray interface is limited 
to flow rates of less than 10 ul min-1, making it 
compatible with microbore HPLC. The later addition of a 
pneumatic nebuliser to assist with the droplet formation 
led to a variant known as ionspray.67 With the additional 
energy available in ionspray, flow rates of up to 200 ul 
min-1 can be accommodated. A schematic diagram of the 
ionspray inlet is shown in figure 8.

t
Ionspray Interface 

Figure 8
Electrospray produces Cl type spectra with protonated 

molecular ions being dominant, but perhaps the most 
interesting feature of this process is its ability to 
produce multiply charged ions from compounds which have 
multiple basic or acidic sites that can accomodate charges 
(peptides and oligonucleotides for example). This is an 
advantageous situation for the observation of high 
molecular weight species, where the multiple charges
produce ions with m/z values within the mass range of a*
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quadrupole instrument, allowing molecular weight 
determinations of compounds in the high kilodalton 
range.6 8

1.4 Supercritical Fluid Chromatography-Mass Spectrometry
Supercritical fluid chromatography (SFC) has 

developed over the last twenty years as an alternative to 
either GC or HPLC and has been shown to have definite 
advantages in certain applications.69*70 Supercritical 
fluids arise when a gas is heated to above its critical 
temperature while simultaneously compressed to a pressure 
above its critical pressure. Under these conditions the 
gas is converted into a single phase, dense fluid whose 
solvent properties differ from both gas and liquid.4 In 
this state carbon dioxide, a typical gas used for SFC, has 
solvating powers similar to normal phase LC solvents 
whilst still keeping a low viscosity. As a consequence,
SFC solvents increase the linear velocity through an LC 
column without any degradation in chromatographic 
performance. The volatility of SFC mobile phases provides 
a significant advantage for the design of an SFC-MS 
interface over an LC-MS system.71 SFC also offers the 
advantages of being quick, efficient and is ideally suited 
to the separation of medium to non-polar compounds which 
cannot be separated by GC because they are too involatile 
or thermally labile.

As its pressure is increased an SFC eluent increases 
its solvating power and thus the use of pressure gradients
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can be employed to reduce separation times. In addition to 
this up to 10% of an organic modifier such as methanol can 
be added to the supercritical fluid to aid the 
chromatographic separation of more polar compounds.

Two forms of SFC have evolved, one using conventional 
packed LC columns with the usual range of stationary 
phases, and the other in which capillary columns are used. 
An essential requirement for SFC is that the supercritical 
conditions are maintained throughout the chromatographic 
process. This means that a restrictor has to be placed 
immediately prior to the low pressure region of the mass 
spectrometer. For packed column SFC use has been made of 
moving belt, thermospray, and particle beam interfaces. In 
the case of capillary SFC, the restrictor is placed close 
to the ion source and this is then heated to compensate 
for the cooling which takes place as the fluid expands 
into the MS. Due to the low flow rates, typically 20-100 
ul min-1 it is possible to carry out chemical ionisation 
using normal Cl reagent gases, such as methane and 
ammonia.

SFC does have certain disadvantages:
1) It cannot provide comparable separating power for those 
compounds which are stable to GC .
2) It lacks the flexibility of the many different 
retention mechanisms available in HPLC.
3) Compounds must have sufficient thermal stability to 
survive the elevated temperatures used.
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1.5 Thin Layer Chromatography - Mass Spectrometry
Thin layer chromatography is a very simple process 

which can offer excellent resolution of mixtures. Unger et 
al . 72 reported a TLC-MS system for obtaining secondary ion 
mass spectra of alkaloids in which the surface of the 
chromatographic plate was flooded with low energy 
electrons to neutralise it. Others have suggested 
transferring the TLC spot to the FAB probe tip covered 
with double sided tape73*74 but these methods suffered 
from insufficient electrical contact between the sample 
and probe tip. Two groups75’76 devised a system for 
scanning a TLC plate, in which the plate was fitted into a 
metal mounting beam, and then driven by an electric motor. 
With this system, any spot on the plate could be scanned, 
and then the plate moved on to the next one. Using this 
system in metabolic studies, good quality FAB spectra were 
observed very similar to those of authentic samples 
obtained by conventional means. TLC has also been coupled 
with laser desorption ionisation, the focusing ability of 
of the laser offering advantages over FAB, particularly 
for incompletely resolved components on the TLC plate.77
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Chapter 2 Quantitative Aspects of Mass Spectrometry
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2 . 1 Introduction
As was shown in the previous chapter, the combination 

of chromatography with mass spectrometry produces an 
analytical tool offering very high sensitivity and 
specificity. As well as being used to identify and 
characterise components in mixtures, mass spectrometry 
combined with chromatography can give quantitative data 
with a high degree of accuracy and precision. The basis of 
quantitative mass spectrometry is that the ion current 
obtained from a given analyte is proportional to the 
amount present. The responses for different components in 
a mixture are rarely the same, and so the the use of a 
standard is generally required for accurate measurements.
A standard is chosen such that the ratio of the analyte to 
standard present in the gas phase is proportional to that 
in the mixture. The assumption that the abundance of an 
ion from one compound is independent of other components 
in a mixture is generally valid, although for some soft 
ionisation techniques such as FAB this may not be
t r u e . 7 8 , 5 1 , 5 2

2.2 Selected Ion Recording
This is the main technique used for quantitative mass 

spectrometric measurements. It originates from the work of 
Sweeley et al.,79 and was developed by Hammar et al.80 for 
the analysis of drugs under the name of mass 
fragmentography. In the technique of selected ion 
recording (SIR), unlike a conventional mass spectrum in 
which the mass range is continuously scanned, one or more
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masses are chosen and the instrument will switch mass from 
one to another ignoring all other values in between. This 
leads to very high sensitivity since the ion currents of 
interest can be integrated for much longer than during a 
scanned spectrum. The basic equation of a magnetic sector 
mass spectrometer is:

m = B 2r 2e 
z 2V

Where: m/z = mass to charge ratio
B = magnetic field 
r = radius of magnet 
V = accelerating voltage 
e = charge on an electron 

The mass can be selected by varying either r, B, or V. In 
most instruments the radius of the magnet is fixed so in 
practice the mass required is achieved by varying B or V . 
On older instruments, the accelerating voltage was most 
often changed since the solid core magnets were too slow 
to achieve the rapid switching speed needed to define the 
peak shape. Newer laminated magnets allow fast switching 
speeds and so scanning the magnetic field is now the 
preferred method, since scanning the accelerating voltage 
over even a two fold range leads to defocussing of the ion 
beam and and a loss in sensitivity.81

Quadrupole instruments are more suitable than older 
magnetic instruments for quantitative work. The DC and RF 
voltages are scanned linearly, can be switched much more 
rapidly, and so are easy to control with a data system.
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2.3 Standards
When carrying out a quantitative analysis it is 

necessary to include a standard with which the response 
from the analyte can be compared. An external standard can 
be used which is run separately to the sample, but greater 
accuracy is achieved by using an internal standard added 
at the earliest stage possible in the analysis, to 
compensate for errors in the sample handling procedure. 
There are three types of internal standard applicable to 
mass spectrometry.

i) Stable isotopic standard
ii) Homologue standard 

iii) Analogue standard 
Isotopically labelled standards are chemically the same 
compound and therefore have the same extraction and 
derivatisation properties as the analyte. They are 
frequently deuterium labelled, due to the relative ease 
and lower cost of synthesis, but 15N and 13C labels are 
also often used. It is important to ensure that deuterium 
is not used to replace labile hydrogen atoms. When 
deciding on a labelled internal standard, the mass must be 
shifted sufficiently to avoid cross contamination with the 
naturally occurring isotopes. For a compound containing 
C,H,N, and 0 only, three mass units is usually sufficient. 
However compounds containing others elements such as Si, 
whose heavier isotopes contribute significantly to the ion 
current, may require a greater mass shift if very precise 
data is required. This can be important since acid 
functions are often derivatised to trimethyl silyl groups
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for GC-MS. Labelled internal standards have the advantage 
that when added at high concentrations they can saturate 
active sites on chromatographic columns and thereby help 
efficient sample transfer.82 Figure 9.a shows the response 
of successively larger injections of a compound into a 
GC-MS. Figure 9.b shows the response for the same compound 
in the presence of a large amount of a labelled 
standard.8 2
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Other workers have shown that with large numbers of 
deuterium atoms, the chromatographic peaks can separate 
entirely and they argue that this carrier effect does not 
exist.83 Figure 10 shows SIR traces of an acetyl-methyl 
derivative of the drug cytosine arabinoside (ara-C) and 
the internal standard (Di2 -ara-C) showing separation of 
the drug and standard on the column. The disadvantages of 
using isotopically labelled standards are that they are 
often difficult to prepare and are therefore expensive, 
and they require a second channel in SIR which leads to a 
reduction in sensitivity. Calibration curves may be non
linear if there is a contribution from one compound to the 
monitored mass of the other.

Homologue standards are very similar in chemical 
structure to the analytes and therefore have similar 
extraction efficiencies, although their partition ratios 
will be somewhat different. They offer the advantage that 
there may be ions present which are common to both analyte 
and standard, which means that it is possible to monitor a 
single ion. As no channel switching is involved, this 
method leads to greater precision, and sensitivity. There 
will be no cross contamination as long as the compounds 
are sufficiently separated on the column before entering 
the mass spectrometer. Calibration curves should be linear 
and pass through the origin.

The use of analogue standards is usually the least 
accurate since extraction ratios and derivatisation can 
differ considerably. More than one channel is usually 
required, but they are convenient and cheap to use.
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2 . 4 Sources of Error
Many of the sources of errors in mass spectrometric 

assays are the same as are encountered in many other 
analytical procedures.8'4 There are others however which 
are specific to the combination of chromatography with 
mass spectrometry. Errors can be introduced into the assay 
at any stage of a work up and become cumulative.

Measurement of the initial sample and internal 
standard volume are often the biggest source of errors. 
When an internal standard is added to a complex matrix 
such as plasma, time must be allowed for it to equilibrate 
with the proteins. Removal of solvent prior to a 
derivatisation step may cause a loss of material, 
particularly if the sample is allowed to dry out 
completely. This can be overcome by adding a small amount 
of a high boiling solvent to maintain the compounds in 
solution. Sampling errors due to spillages, different 
rates of extraction or derivatisation should be largely 
avoided with the use of internal standards.

Once the sample has been prepared there are many 
potential errors that can be introduced within the 
instrument. An inlet system such as a "splitless" 
capillary injector can lead to discrimination of one 
component over another. The interface between the 
chromatograph and mass spectrometer can often lead to 
losses if it is not properly designed (see chapter 1).
Hot spots can cause decomposition of labile compounds, 
while insufficient heating in certain circumstances may 
lead to condensation of the analyte.
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Slight variations in conditions within the source can 
lead to dramatic variations in the signal for the analyte. 
This is particularly true in themospray where temperature, 
and repeller voltage can be critical (see chapter 3), but 
can also apply in El and Cl where temperature, electron 
energy, and reagent gas pressure must be kept 
constant.81*82*85 Figure 11a shows the spectrum of 
methane at 10 -5 torr, and figure lib, the spectrum at 1 
torr.
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Spectra of Methane at Different Source Pressures
Figure 11
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Figure 12 shows the effect of source temperature on the 
relative abundances of m/z 35 and m/z 284 in the NICI 
spectrum of diazepam.85

DIAZEPAM100

— rr/z 28L
m/z 35

60-

Source Temperature Effect on the Spectrum of Diazepam
Figure 12

Errors in peak abundance measurements determined with 
a data system can be introduced in several ways. Peaks of 
low abundance are subject to greater statistical 
variation, parameters to control the threshold and the 
monitoring of the start and end of the peak must be set 
carefully to avoid distortion from the true value. The 
most accurate results are obtained from an analogue 
recording device such as a UV oscillograph. When 
electronic integration is not available peak heights are 
usually measured, but with most data systems, peak areas 
are chosen.

The greatest errors are generally associated with 
sample manipulation and measurements of initial 
concentrations, instrumental errors are usually systematic 
and small for a well maintained instrument.
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2.5 Practical Considerations
When undertaking quantitative mass spectrometry, 

several points need to be taken into consideration and to 
some extent are interrelated since the result of one 
choice may affect another. The first aspect is the choice 
of the most appropriate technique to use, eg El, Cl, FAB, 
GC-MS or LC-MS. With the hyphenated techniques there is 
also the choice of which interface to use. These choices 
will depend on the nature of the sample, the data required 
from the experiment and the type of equipment available to 
the analyst. The nature of any internal standard to be 
used must be decided and this will influence the ions 
chosen for SIR. Ideally the ions should be abundant for 
maximum sensitivity and free from interferences. The best 
ions are usually of high mass since they are less likely 
to coincide with interferring ions. Under Cl conditions, 
the presence of only one abundant ion carrying a high 
percentage of the ion current may not imply high 
sensitivity as the efficiency of ionisation must be taken 
into account. Despite giving a lower signal than 
conventional El, the use of Cl, high resolution or 
metastable scans may lead to improved detection limits 
since the signal to noise ratio may be increased.14»86 * 87 
Figure 13 shows the the increased selectivity obtained by 
increasing the mass resolution from 1000 to 5000 for an 

I assay of PGF 2 a in brain.
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Chapter 3. An Investigation of the Parameters 
Controlling the Performance of A Thermospray Source
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3.1 Introduction
The invention and development of the thermospray 

interface56-59 provided a simple and versatile tool for 
the combination of liquid chromatography with mass 
spectrometry. So far thermospray has failed to be 
universally accepted. Some find it to be a reliable 
technique and have established protocols allowing 
automatic sample injection with unattended overnight 
operation.88*89 Other groups have had less success and 
report difficulties with operating the technique 
routinely.9 0 * 91

It has proved to be a sensitive technique with some 
workers quoting pg detection limits.92»93»94 To achieve 
these very low detection limits it is necessary to 
optimise the conditions within the thermospray interface. 
These include temperature, mobile phase composition, 
source pressure and the use of filaments, discharge or 
repeller electrodes. The choice of mobile phase, flow rate 
and hence source pressure will in most cases be determined 
by the chromatography. From work carried out in this94*95 
and other96*97 laboratories, the temperature of the 
thermospray vaporiser and the voltage applied to the 
repeller electrode have been shown to be critical
f a c t o r s  . 9 6 , 9 7  , 9 8 , 9 9

Even though most commercial and home made thermospray 
interface designs incorporate a repeller electrode in the 
ionisation chamber, the shape, position and voltage 
applied to these repellers varies from one manufacturer to 
another. The precise role of the repeller, its effect on
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sensitivity and appearance of spectra has been the subject 
of some debate.96*100 Even users of identical equipment 
from the same manufacturer report different experiences 
with the use of the repeller.101

A systematic study of the repeller in a commercially 
available thermospray source was undertaken here to try 
and explain these observations. Several aspects of the 
repeller were studied.
i) The effect of the applied voltage.
ii) The effect of its height with respect to the ion
sampling cone.
iii) The influence of its shape.

The source used to undertake these studies was an 
early design from VG MassLab Ltd, having no discharge or 
filament capability. This means that the spectra obtained 
arise from "pure thermospray" or "buffer ionisation" and 
are not subject to any additional ionisation effects. The 
internal volume of the source is a cylinder of 10 mm
internal diameter, the ion sampling cone is situated 45 mm
away from the nozzle end, and protrudes by 4 mm into the 
ion chamber, and there is a rod shaped repeller positioned 
3 mm downstream of the sampling cone. The amount that the 
repeller protrudes into the chamber can be varied, and a 
continuously variable 0-350 V DC supply is connected to 
it. The source is shown diagramatically in figure 14
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Figure 14
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■ The thermospray interface was installed in a VG 
MassLab 12-250 quadrupole analyser. The mass was scanned 
from 50-500 amu at a speed of 0.9 sec scan-1 with 0.1 sec 
interscan time. The eluent was 70:30 methanol:water: 0.1 M 
ammonium acetate. Methanol was HPLC grade from Rathburn 
Chemicals Ltd. Water was purified through a Milli-Q system 
(Millipore) and ammonium acetate was AnalaR grade from 
BDH. The eluent was pumped at 1 ml min-1 with a Gilson 302 
pump. Samples were injected via a Rheodyne 7125 valve 
equipped with a 20 ul loop.

Furosemide (FRU) was supplied by Hoechst.
Its structure is shown below in figure 15. A typical 
thermospray spectrum is shown in figure 16.

COOH
NH-

Cl

Structure of Furosemide 
Figure 15

The most notable peaks in the spectrum arise from the 
[M+NH*]* at m/z 348, [M+H]+ at m/z 331 and a fragment ion 
at m/z 81. The origin of this fragment was investigated as 
it could correspond either to the furfuryl group or to the 
protonated sulphonamide moiety. Protonation at the 
sulphonamide seemed unlikely as such groups are somewhat 
acidic whereas the secondary amine function is basic.102
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A solution of furosemide was prepared in 0.1 M ammonium 
acetate in D 2O. When the spectrum of this solution was 
run, figure 17, the [M+H]+ was shifted by 5 amu and the 
[M+NH4 ]+ by 8 amu. The fragment ion remained unaltered 
confirming its identity as the furfuryl cation. This is 
shown in figure 18.

The ammonium adduct ion of FRU in D 2O 
Figure 18

The trimethoxyanilinoacrylonitrile (TAA) was supplied 
by the Wellcome Research Laboratories and is shown below 
in figure 19.

COOD

ND 2SO

,ND C H 2

Cl

MeO

MeO CH2 C = C H  NH
CN O

MeO

Structure of TAA
Figure 19
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The thermospray spectrum of TAA shown in figure 21 
consists of the [M+NH4 ]+ peak at m/z 342, the [M+H]+ peak 
at m/z 325 and principal fragment ions at m/z 157 and 181.

The glutathione (GSH) figure 20, was supplied by 
Sigma Chemicals and its thermospray spectrum shown in 
figure 22 consists of the [M+NH4]* peak at m/z 325, the 
[M+H]+ peak at m/z 308 and fragment peaks at m/z 76 and
179

COOH
HC N H 2 SH COOH
C H 2 0 CH2 O c h 2

II IICH 2 C NH CH C NH

Structure of GSH
Figure 20
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3.2 Effect of Nozzle Temperature
It has been accepted that optimisation of the 

thermospray aerosol temperature is essential for obtaining 
maximum sensitivity from the technique.96»97»103 Some 
designs incorporate a thermocouple in the source volume, 
downstream from the sampling cone to measure the 
temperature of the aerosol.96»103 The temperature of the 
aerosol will be controlled by the heat supplied to the 
thermospray capillary, and the eluent composition. It has 
been stated that for most applications the best operating 
point for the temperature of the aerosol corresponds to a 
fluid temperature at which partial and nearly complete 
vaporisation occurs within the capillary.103 Using this 
approach the temperature settings are optimised by 
maximising on the solvent-buffer ions,65 and take no 
account of the nature of the analyte. Other workers have 
reported the need to optimise the aerosol temperature for 
specific analytes.94*100 It has also been shown that the 
sensitivity for a specific analyte varies with mobile 
composition with a given vaporiser temperature.104

In the design of interface used in this study, there 
is no thermocouple to monitor the aerosol temperature 
directly. The vaporiser tube assembly is shown in 
figure 23. The vaporiser tube is brazed into a 
cylindrical block of copper, which fits into a hollow 
probe, which is heated by an element welded into the 
probe. The copper block is heated by conduction from the 
probe, and the capillary by conduction from the block.
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Diagram of VG Vaporiser Assembly 
Figure 23
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The temperature is monitored by a thermocouple welded into 
the probe. This means that the temperature of the 
capillary cannot be directly measured. The actual 
temperature of the vaporiser is not known but it is 
relative to the temperature measured at the probe. The 
exact temperature will depend on the efficiency of heat 
transfer from the probe to the copper block. This will 
vary from one vaporiser assembly to another, depending on 
manufacturing tolerances. To improve the heat transfer 
efficiency, the copper block is coated with carbon before 
assembly by painting it with a suspension of carbon in 
water, and then evaporating off the solvent.

Two aspects of the effect of varying the vaporiser 
temperature on the intensity and appearance of spectra 
were investigated. 1) At a fixed mobile phase composition, 
how the spectra of different analytes varied with 
temperature, and 2) for a given analyte, how the spectra 
varied with temperature for different mobile phase 
compositions.

0.3 mM solutions of TAA, furosemide and glutathione 
were prepared in the eluent, 70:30 MeOH:H20:0.1 M ammonium 
acetate. The source conditions were set at source 
temperature 200°C, evaporation chamber 250°C and repeller 
voltage 200V. 20ul injections of the TAA solution were 
made at a series of vaporiser temperatures from 180-240°C. 
The same experiment was carried out on the other two test 
compounds. Reconstructed ion chromatograms were created 
for the protonated molecular ions and fragment ions of the 
analytes.
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The resulting plots of temperature against signal 
intensity, figures 24-26 are the average of three 
injections, the largest variation on any point being +_ 8%. 
The graphs of TAA and Furosemide look similar to each 
other. The [M+H]+ ions show a broad peak with the maximum 
between 215-220°C. For the fragment ion traces, a much 
more pronounced maximum is seen in both traces and occurs 
at a temperature around 5°C higher than that of the [M+H]+ 
ions. The graph for glutathione figure 26 shows a 
different pattern. Again the [M+H]♦ ion gives a shallow 
peak and maximises at a lower temperature of about 205°C. 
The fragment ions at m/z 179 and 76 show a sudden increase 
in intensity at 230 and 220°C respectively.

These results show that the nozzle temperature has a 
considerable effect on the spectra obtained. Over the 60°C 
range studied, the ion intensities varied by factors of 
about 20. The exact temperature at which the signal 
maximised varied from one analyte to another. The 
temperature dependence of the two pharmaceutical compounds 
proved to be similar, whilst that of the peptide was 
somewhat different.

Thus the exact setting of the vaporiser temperature 
is generally not critical to obtaining spectra. In many 
cases a variation of + 20°C will not affect the spectra. 
However for some analytes such as GSH the temperature will 
considerably change the appearance of the spectra. If 
maximum sensitivity is required it is necessary to set the 
vaporiser temperature very carefully for each different 
analyte to obtain the best result.
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Effect of Vaporiser Temperature on TSP Spectra of GSH
Figure 26
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The second aspect of the effect of the vaporiser 
temperature, was to investigate how the above results 
changed with mobile phase composition. 3 mM TAA in MeOH 
was diluted by a factor of 10 in each of the following 
mobile phases.
1) 100 % H 2O containing 0.1 M ammonium acetate
2) 7 5% H 2O 25% MeOH containing 0.1 M ammonium acetate
3) 50% H 2O 50% MeOH containing 0.1 M ammonium acetate
4) 25% H 2O 75% MeOH containing 0.1 M ammonium acetate
5) 100 % MeOH containing 0.1 M ammonium acetate

The experiment was carried out as outlined before in which 
the vaporiser temperature was varied between 180 and 
240°C, this time in each of the 5 mobile phases listed. 
Injections of TAA in the appropriate eluent were used in 
each case to ensure that there could not be any erroneous 
results arising from a plug of another solvent arriving at 
the interface. After each experiment the eluent was 
changed, and the system allowed to equilibrate.

The results are shown for the protonated molecular 
ion and a fragment ion in figures 27 and 28. These graphs 
show the averaged result from three injections, the 
largest variation on any point was less than +_ 10%.
Figure 27 shows that as the amount of methanol was 
increased from 0 through to 75%, the [M+H]+ signal 
maximised at a lower temperature. This varied from about 
235°C at 100% H 2O to 215°C at 75% methanol. The other 
notable feature is that as the amount of methanol in the 
eluent was increased, the maximum ion intensity increased.
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The trace for the fragment ion, figure 28 also shows the 
same pattern, with increased amounts of methanol the ion 
intensity increased and the optimum temperature decreased.

These observations contradict the reports of other 
workers,65*105 whose results have shown an increase in the 
yield of ions at a higher water content. However, Covey et 
a l . , 1 06 showed that compounds which were neutral in 
solution were enhanced by high water content whereas the 
response for compounds which were ions in solution 
increased with the methanol content.

The increase in ion formation with increased methanol 
content is in agreement with the predictions of Iribarne 
and Thomson,61*62 who suggested that the potential barrier 
for desorption of an ion from solution decreases with a 
lower solvent dielectric constant. The earlier workers who 
carried out similar studies performed their experiments in 
a different way to those conducted here. The vaporiser 
temperature in these cases was optimised on the yield of 
the solvent ions and not on the analyte ions themselves.

There are no results shown for the fifth eluent, 0.1 
M ammonium acetate in methanol. This is because the use of 
a pure organic solvent caused the source to become coated 
in carbon deposits very quickly with a dramatic loss in 
sensitivity.
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The results from the earlier experiments show that 
optimising the thermospray signal on the ion current 
arising from the eluent can be misleading. If maximum 
sensitivity is required it may be necessary to optimise 
the nozzle temperature for each analyte. As shown here, 
even in the same eluent the protonated molecular ion for 
TAA optimised at 215°C whilst that for GSH at 205°C. If 
high sensitivity is not the major requirement, and sample 
size is not a problem, then the vaporiser temperature can 
be a compromise.

The temperature of the vaporiser can be even more 
critical if fragmentation is required. In the case of a 
peptide such as GSH the appearance of fragment ions giving 
sequencing information is very temperature sensitive.

The second part of the experiment shows that the 
optimum vaporiser temperature is not solely compound 
dependent and that mobile phase composition must also be 
taken in to account when optimising thermospray 
conditions.
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3.3 Effect of Repeller Voltage
There has been some controversy as to the exact 

nature of the way in which the applied repeller voltage 
influences the observed spectra. Some workers report 
little influence on the spectra of analytes,100*107 and 
attribute an increase in sensitivity to the enhancement of 
the solvent signal,107 whilst others have shown that it 
can have a considerable effect. 6 4 * 9 6 »9 7 * 9 8 Much of this 
apparent disagreement arises from the fact that the 
different authors used sources with different geometries. 
Vestal et al .108 showed how the source geometry affected 
the results when the same experiment was conducted on 
three different designs. Most studies into the effects of 
repeller potential have been carried out with the repeller 
positioned directly beneath the sampling cone. The work by 
Lewis et aI.109 and Benscath98 involved a repeller sited 
downstream from the sampling cone.

To investigate the way in which the repeller affects 
the spectrum in the commercial interface used here, the 
following experiments were carried out. The repeller tip 
was set at 4 mm above the bottom of the ion volume. A 
solution of furosemide of 0.3 mM was prepared in 70:30 
MeOH:H2O:0.1 M ammonium acetate. 20 ul injections of this 
solution were made with the injector into the interface. 
Initially the repeller voltage was set to 0 V. After the 
first injection and prior to each subsequent one the 
voltage was increased by 20 V up to a maximum of 340 V. An 
injection was made every 30 secs, allowing time for the 
sample tailing to drop to the baseline to prevent carry
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over from one injection to the next. The repeller voltage 
was increased 10 seconds before the injection was made to 
allow the system time to equilibrate. The reconstructed 
ion chromatograms for the ions of m/z 81, 331 and 348 were 
created on the data system giving graphs of ion intensity 
against repeller voltage as shown in figure 29. All the 
graphs shown in this chapter of signal intensity against 
repeller voltage are the averaged value from three runs. 
The variation on all points was less than 10% in all 
cases.

It can be seen from figure 29 that the [M+NHa ]* ion 
maximises at the lowest voltage, around 80 V, followed by 
the [M+H]+ ion at 180 V and then the fragment ion at 
260 V. This result is consistent with the theory 
proposed,64 in which the primary ions formed in TSP are 
ammoniated molecular adducts. These can then undergo 
collisional dissociation to form protonated molecular ions 
and fragment ions. At a low repeller potential, the 
retarding effect is low, and so mostly primary ions will 
be sampled. As the voltage is increased the ions will 
experience a greater retarding force and will be more 
likely to reside longer in the ion volume and hence 
undergo gas-phase ion molecule collisions to form 
protonated molecular ions. As the voltage increases this 
effect becomes greater and so the more endothermic 
processes can occur, leading to fragmentation. The 
magnitude of the retarding potential required for 
different reactions correlates roughly with the relative
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endothermicities of the reactions.98 This result is also 
in agreement with observations that the fragment ions 
produced in this way are the same as those produced by 
collisional dissociation on the [M+H]+ ion in a triple 
stage quadrupole.110

Figure 30 shows the same experiment performed on TAA, 
for which essentially the same pattern is observed. The 
difference is that the secondary ions appear at different 
voltages to Furosemide and over a much narrower range.
This is again consistent with the proposed theory and 
shows that the endothermicities of the reactions involved 
in the formation of the spectra of TAA are much closer 
together than those for Furosemide.

The conclusion that can be drawn from these series of 
experiments is that in this particular source geometry 
under the conditions used, the repeller has considerable 
influence on the spectra produced. To optimise the 
production of ions it is necessary to select the repeller 
voltage carefully, this will depend on whether molecular 
weight only is sufficient or if some structural 
information is required.
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3.4 Effect of Repeller Height
A diagram of the repeller is shown in figure 14.

This source design allows for easy dismantling and 
cleaning, but the support arrangement for the repeller is 
such that its height may be varied on reassembly. In a 
series of experiments the height of the tip of the 
repeller was varied to see what changes if any this would 
have on the spectra. After each experiment the source was 
removed and the height of the repeller reset. The height 
was varied between 1 and 7 mm from the base of the ion 
volume. Benscath and Field98 have studied moving this type 
of electrode in an axial direction. Their electrode was 
positioned in the centre of the ion volume and they found 
the optimum distance to be 4 mm downstream from the 
sampling cone.

The same procedure was carried out as in section 3.3 
in which a series of injections were made at increasing 
repeller potential. The peak areas from the reconstructed 
ion traces of m/z 81, 331 and 348 were measured. These 
were then plotted against repeller voltage for each 
height. The results from height settings of 1, 2, 4, 6 and 
7 mm are shown in figures 31-33. These settings 
demonstrate the trends in the experiment clearly, the 
intermediate settings of 3 and 5 mm have been omitted from 
the diagram for the sake of clarity.

Figure 31 shows the reconstructed ion chromatograms 
from the fragment ion at m/z 81. When the height of the 
repeller was set at 1 mm, then there was no effect on the 
ion current until the voltage exceeded 300 V at which
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point the ion current just starts to rise. In the traces 
from 1 and 2 mm, the ion current was still increasing at 
340 V, and so it is difficult to predict their shape. In 
the traces from the 4 and 6 mm the ion intensity has 
peaked within the available voltage range of the repeller. 
From these two traces it can be seen that as the height 
was increased the voltage giving the maximum ion current 
decreased. The other notable feature of these traces is 
that the maximum ion current was obtained with a 4 mm 
repeller. When the height was increased to 7 mm the ion 
current was very low and remained constant whatever 
voltage was applied. The geometry of the source is such 
that at this height, the tip of the repeller is behind the 
ion sampling cone. Either the tip of the repeller is 
shielded from having an effect on the thermospray aerosol 
or, more probably at this height the repelling effect is 
so great that no ions reach the sampling cone.

Figure 32 shows the protonated molecular ion 
intensity, the traces in this figure showing a similar 
trend to those for the fragment ion. As the height of 
repeller tip was increased the voltage at which the ion 
current maximised decreased as did the maximum ion current 
obtained. Again the trace at 7 mm shows that no ions were 
sampled.
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Ale Ion Chromatograms of a Fragment Ion of FRU 
at Pi f ferent Repeller Heights

Figure 31

CH I

€ 1

+ 1

-U

-f *

o
00 o

>
O)ro-i—*
O

0
0
a0

oo (X) c\j

A^jsue;u| 0A'}S|ey



Single Ion Chromatograms of the [M+H]+ Ion of FRU 
at Pifferent Repeller Heights

Figure 32
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S ing le I on Chromatograms of the f M + NH 4 3 * 1QH of FRU 
at Pifferent Repeller Heights

Figure 33
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The traces for the ammoniated ion are shown in figure 
33. When the repeller was set in the middle of the ion 
volume, i.e. between 4 and 6 mm, the ion traces followed 
the similar pattern to that seen before. At a height of 
2 mm the trace shows the ion intensity gradually rising as 
the voltage was increased. At 1 mm height the repeller 
appears to have no effect. Similarly to the other ions, 
when the height was set at 7 mm, no ion current was 
observed.

It would appear that in this particular instrument 
the height of the repeller is a critical parameter to be 
optimised in order to obtain the best sensitivity and 
flexibility. These results show that the repeller should 
be set to between 2 and 4 mm to obtain the maximum ion 
current. If the repeller is set too low it is difficult to 
optimise the signal for the protonated molecular ion and 
to obtain fragmentation. If the repeller is set too high, 
then a much reduced signal is obtained. When the optimum 
height has been found, this can then be used for other 
compounds. The same trends will be seen even though the 
exact voltages at which each ion optimises may be 
different. This was shown in figure 30 where the same 
experiment with a repeller height of 4 mm was performed on 
TAA.

Having seen the effect of the height of the 
repeller, investigations were made as to whether the whole 
of the repeller influences the spectra or if it just 
depends upon the tip. The repeller tip was positioned 
4 mm from the base of the ion volume. A ceramic collar was
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placed around the repeller so that only the top 2 mm could 
have an influence on the field exerted on the analyte 
ions. The same experiment as above was repeated using FRU. 
The resulting traces are shown in figure 34.

The overall patterns from these traces are very 
similar to those in figure 29, for the repeller set at 4 
mm without a collar. The voltage at which the traces for 
the secondary ions optimised is about 20 V lower, whilst 
the trace for the ammonium adduct optimised about 20 V 
higher. The maximum signal intensity for the fragment ion 
is about half of that previously recorded, that for the 
[M+H]* ion the same, and that for the [M+NH4 ]+ ion 50% 
greater.

This result shows that partially insulating the 
repeller does have an effect on the traces. The shifting 
in the shape of the curves is less apparent than when the 
height is changed suggesting that the tip of the repeller 
does play an important part in determining the nature of 
the spectra. The intensities of the ions are somewhat 
different, though this may be due to the fact that with 
some of the repeller shielded it is less efficient. It may 
also be due to the increased physical size of the repeller 
with the collar fitted.

The results from this series of experiments may 
explain why there is this discrepancy in the findings from 
different groups on the effect of the repeller in this 
particular source design . 9 0 * 1 0 1  On assembly of the source, 
the repeller could be screwed in to its full extent which 
is not an unreasonable procedure to follow. However if
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this is done, the height of the repeller tip will be in 
the order of 7 mm from the bottom of the ion volume and 
therefore shielded behind the cone. As this series of 
experiments has demonstrated, when the repeller is 
positioned here, its effectiveness is considerably 
limited. Positioning the repeller between 2 and 4 mm from 
the base of the ion volume makes a dramatic difference to 
the thermospray spectra produced. Steps should be taken to 
ensure that the repeller height is accurately set on 
reassembly of the source if its maximum effectiveness is 
to be utilised.

85



1 1
0

of Repeller Voltage Against Ion Current for FRU 
for Repeller Fitted with a Ceramic Collar

Figure 34

oC\l
oo

o
ooCM

o
CM

>o
o  ®

4—'

o
o  >CO

0) 
0
aO  q

c m  cr

Ai i s u0 ; u |  e A i ; 0 | e y



3.5 Effect of Repeller Shape
In the previous experiments it was shown that the 

voltage applied to the repeller had a dramatic influence 
upon the nature of thermospray spectra obtained. It was 
also shown that the positioning of the repeller affected 
its efficiency. A further aspect of the repeller which was 
investigated was its shape. The repeller supplied in the 
VG source is rod shaped and made of copper. Various 
designs were fabricated from different metals and these 
were installed in the source to see whether any 
conclusions could be drawn about the effect of the shape 
of the repeller on the spectra. Benscath and Field 9 8  

whilst investigating the positioning of their repeller 
made some oservations on its shape. They found that a 
wire electrode caused a definite increase in sensitivity 
by some 50-100 %, but did not lead to any qualitative 
changes in the spectra. A later design with a larger 
surface area reproduced the changes seen by Lewis et 

al. 1 0 9  Voyksner and Pack 1 1 1  made a study of the shape of 
the repeller in a Finnigan MAT 4500 mass spectrometer 
fitted with a Vestec source. This design has the repeller 
mounted directly beneath the ion sampling cone. They used 
a series of repellers which they grouped into two, as 
being either focusing or deflecting electrodes.
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In this series of experiments six different repellers 
were investigated;
1) Normal copper repeller supplied by VG
2) Cross shaped, copper repeller
3) Copper mesh repeller
4) Brass bolt repeller
5) Stainless steel rod repeller
6 ) Mild steel mesh repeller

1) The normal repeller as supplied by VG is shown in 
figure 35. It is turned from copper, and is rod shaped 
with a round top. The surface is smooth as viewed under 
low magnification and is cleaned with fine emery paper 
before being installed.

2) The cross shaped repeller shown in figure 36 was 
made by soldering a piece of 1 mm diameter copper wire to 
the normal repeller. To enable the joint to withstand the 
elevated operating temperature of the source, a 95% tin,
5% antimony solder designed for metal fabrication was
used.

3) The copper mesh repeller shown in figure 37 was 
made by soldering a 6 mm diameter, circular shaped piece 
of a 0.5 mm copper mesh to the upstream side of the 
repeller. Again the metal fabrication solder was used.
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VG Repeller Copper Cross Repeller
Figure 35 Figure 36

Copper Mesh Repeller 
Figure 37

Steel Repeller 
Figure 39

Brass Bolt Repeller 
Figure 38

Steel Mesh Repeller 
Figure 40
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4) A brass repeller was made by cutting a length of 
m3 threaded rod. See figure 38.

5) The stainless steel repeller was made by turning 
down a 3 mm steel bolt to the same size as the normal VG 
repeller. The repeller is shown in figure 39.

6 ) The mild steel repeller, figure 40, was made by 
spot welding an 8 mm diameter, circular shaped piece of 
steel mesh to the steel repeller described above.

All the repellers which had pieces attached, had to 
be made in situ as it is impossible to insert them through 
the hole in the bottom of the source block after 
construction. The whole repeller and source block assembly 
was degreased in chloroform before use.

The repeller shapes were chosen for specific 
reasons. The original repeller is narrow with a rounded 
top and fillets out to the threaded portion. This means 
that it is likely to produce a smooth field around itself. 
The cross shaped repeller has three points as well as a 
large "blob" of solder. This may introduce some degree of 
heterogeneity in to the field although the physical 
interference due to any increase in size is likely to be 
small. The copper mesh repeller is designed to cover the 
whole central area of the ion volume. It has many points 
around the circumference and also has a much increased 
surface area compared with the normal repeller. The brass 
bolt is twice as wide as the original and will therefore 
have an increased effect due its size. Being threaded it 
may have a heterogeneous field caused by sharp edges. The 
stainless steel repeller was made to resemble the original
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as closely as possible. Therefore the only difference was 
the material from which they were made. This may introduce 
differences due to their electrical resistive 
properties . 1 1 2  The diameter of the mild steel mesh 
repeller was larger than the copper one and therefore 
should be subject only to differences introduced due to 
its size, or possibly different magnetic properties.

Due to the method of constructing the repellers, the 
copper ones were found to be unreliable and subject to 
mechanical failure. For this reason the two steel 
repellers were made. Since the mesh in this case was 
welded in place it was more robust and did not fail during 
the time it was used for these experiments.

The repellers were evaluated by running the same 
experiment on all of them. The procedure used in section 
3.3 was followed in which a series of injections of 
Furosemide were made at ever increasing repeller voltages. 
In the same way the response of the ions at m/z 81, 331, 
and 348 were followed. The traces produced from each 
repeller are shown in figures 41-46. Looking at the 
traces from each individual repeller shows a similar 
pattern to those seen before. The most notable differences 
are the relative intensities of the molecular to fragment 
ion species. The cross shaped repeller gave a much higher 
response for the [M+H]+ ion compared to the fragment ion 
than the others (figure 42). The other notable feature is 
the voltage range over which the various repellers act.
The normal repeller maximised the signal for the different

91



type of ions over a 250 V range, whereas the wider brass 
bolt maximised all the ions over a range of about 100 V 
(figure 44). The differences between the performance of 
the various repellers is summarised in figures 47-49. Here 
the RIC’s of each ion for each repeller are plotted 
together. Figure 47 shows the ammonium adduct ion. From 
this graph it can be seen that the stainless steel 
repeller and the copper mesh repeller gave the strongest 
signal. The copper mesh repeller also maximised at a 
higher voltage than the others. Interestingly the steel 
mesh repeller appears to behave in a totally different 
way, giving a poor signal and optimising at a much lower 
voltage. The traces for the protonated molecular ion are 
shown in figure 48. All the repellers gave a very similar 
response, the main difference being the optimum voltage. 
This varied from about 100 V for the brass repeller up to 
220 V for the stainless steel and the copper mesh 
repeller. The one notable exception is the steel mesh 
repeller which again optimised at a low voltage and gave a 
very weak response. The traces for the fragment ion, 
figure 49 show more variation. The VG and the stainless 
steel repellers behaved in a similar way, both gave a 
sharp peak and optimised around 260 V. The brass bolt gave 
a similar shaped peak and response but optimised at a 
lower voltage, around 170 V. The copper and steel mesh 
repellers have similar shaped curves, with the optimum 
voltage differing by about 100 V. The cross shaped 
repeller was different, giving a broad flat topped peak 
with a poor response.
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Figure 44

+

•<11

oo 00 CO o

>
O)CO

4 —'

o

a>
o
a

00 CO CM

Aaisue;ui

96



m
/z

 
81

 
m

/z
 

33
1 

m
/z

 
3

4
8

Plot of. Repeller Voltage Against Ion Current
for Stainless Steel Repeller

Figure 45

+
L
o

oCM
co

oCDCM
o
4CM

>
o  ^  
o  0CM 9

4->
o

o  >CO
0
0
aO  (D CM CC

O
00

Aa.isue;u| © A i ; e | © y

97



m
/z

 
81

 
m

/z
 

33
1 

m
/z

 
3

4
8

Plot of Repeller Voltage Against Ion Current
for Steel Mesh Repeller

Figure 46
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S ingle Ion Chromatograms of [M + NH 4 3 * Ion of FRU 
with Pifferent Repellers

Figure 47
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Single Ion Chromatograms of [M+H 3 * Ion of FRU 
with Pi fferent Repe1lers

Figure 48
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Single Ion Chromatograms of a Fragment Ion of FRU 
with Pifferent Repellers

Figure 49
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The results from this series of experiments are 
fairly inconclusive and no one design stands out as being 
significantly superior to the others. The main purpose of 
the repeller electrode in the thermospray source is to 
optimise the ion current and induce fragmentation of the 
molecular species. However with no repeller voltage there 
are no molecular ions seen in this type of thermospray 
source. If the traces of the [M+H] 4 ions are examined, 
figure 48, the trace from the VG repeller is more intense 
than for any of the others. This result is probably not 
significant however as the optimum height and vaporiser 
temperature had been determined for this repeller in 
earlier experiments. For the other repellers used, these 
settings may not have been optimum and therefore it is 
more appropriate to examine trends rather than absolute 
values.

The steel mesh repeller stands out as giving a much 
poorer response than any of the others, and is 
markedly different to the copper mesh repeller. This may 
be due to magnetic fields caused by the mild steel 
changing the ion trajectories. The only other difference 
between these two is the cross sectional area.

Figure 49 shows the fragment ion trace, and there are 
more obvious trends here. The two repellers which have the 
same dimensions have very similar traces. When the shape 
is retained but the width is increased, the shape of the 
trace is the same but the optimum voltage is lowered. 
Looking at the two mesh repellers the same trend is seen. 
Both repellers have the same shaped trace, but as the size
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is increased the voltage at which signal optimises 
decreases. When the shape is again changed to a cross the 
shape of the trace again changes.

From these observations it can be concluded that the 
shape of the repeller affects the profile of the graph 
obtained for repeller voltage against ion current. The 
physical size of the repeller has an influence on the 
voltage at which the maximum fragmentation is seen.

There is no one repeller which is any better at 
producing fragmentation than any other. The rod shaped 
repellers optimise over a narrower range than the other 
shapes. This means that if the source is optimised for 
[M+H]+ ions there is likely to be little fragmentation and 
vice versa. If the cross shaped repeller is used, its 
wider working range means that it is possible to optimise 
at a point which will give a reasonable proportion of both 
types of secondary ions. However this is achieved at the 
expense of absolute intensity of the fragment ions. In 
this particular ion source the cross shaped repeller also 
suffers from the fact that it has to be constructed in 
situ and would need to be cut to enable the source to be 
dismantled for cleaning.

The broad conclusion from this series of experiments 
is that the repeller electrode supplied by VG is as good 
as any other. This is a similar conclusion to that reached 
by Voyksner and Pack , 1 1 1  who concluded that there was no 
real advantage in using one type of repeller over another 
as long as it was placed in close proximity, (1.25 mm) to 
the ion sampling cone. In the source used here the
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repeller is sited further from the sampling cone and 
indeed has been shown 9 8  to have an optimum separation of 
4 mm. From this it can be inferred that the repeller sited 
beyond the sampling cone has a retarding effect on the 
ions causing them to reside longer in the source and have 
a greater chance of being sampled into the mass 
spectrometer. When the repeller is sited directly beneath 
the sampling cone it has a very short range effect and 
probably deflects the ions as they pass by.
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3.6 Conclusions
Thermospray has become the most widely used 

technique for the coupling of HPLC to mass 
spectrometry. In many laboratories it is used as a very 
routine technique whereas others have found the technique 
to be very difficult to use reproducibly. An understanding 
of the mechanisms of the thermospray process are essential 
to obtaining the best performance from it. From the 
studies described here it has been shown that as well as 
understanding the theory it is also necessary to be aware 
of the technicalities of the particular instrument being 
used. The experiments on the effects of vaporiser 
temperature and eluent showed that in order to obtain 
reproducible and sensitive results it is necessary to 
carefully select the temperature used. The temperature 
settings for the evaporation chamber and ion source were 
not investigated as relatively large variations in these 
have been shown to have little influence over the 
results . 9 7

The experiments with the repeller showed that this 
again is a practical aspect which must be considered as an 
important factor in obtaining reproducible results. It can 
be seen from this work that the repeller electrode is a 
very powerful tool. When used correctly it has a major 
influence in determining the quality of the information 
which can be gained from thermospray spectra.
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Chapter 4 Measuring The Kinetics of the Reaction Between
Acrylaraide and Glutathione
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4.1 Introduction
Acrylamide is a potent cumulative neurotoxin in 

animals and man causing peripheral neuropathy . 1 1 3  

Administration of 1 4 C-labelled acrylamide leads to an 
accumulation of radioactivity in the central nervous 
system . 1 1 4  It binds covalently to DNA, haemoglobin, other 
proteins and glutathione; depletion of cellular 
glutathione having been observed after exposure to 
acrylamide . 1 1 5

In the late 1950’s a new neurological syndrome was 
described in workers handling acrylamide, which at that 
time was becoming a substance of important industrial use. 
A few men had developed tingling and numbness in their 
hands and feet and some weakness and unsteadiness of their 
legs . 1 1 4  The first detailed clinical description in 
humans 1 1 8  in 1960 described 10 workers and contained 
nearly all the important features of the condition. These 
are shown in table 1 .

Examination of acrylamide affected animals by 
electrophysiological techniques indicated that motor nerve 
conduction velocity was slightly reduced. Histological 
techniques showed that degeneration of axis cylinders and 
myelin sheaths was present in peripheral nerves, the 
distal parts of the longest fibres being most affected. 
Acrylamide shows a remarkable specificity for the 
peripheral nerves and there is no evidence of spinal cord 
involvement. 1 1 5
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Clinical Features of Acrylamide Neuropathy
Table 1.

Red peeling hands*
Weight loss
Excessive sweating
Overflow urinary incontinence
Distal limb weakness
Distal limb sensory loss
In severe, acute intoxication:

confusion and hallucinations 
In moderate, subacute intoxication:

drowsiness and loss of concentration ataxia

* Redness and peeling of hands has been described in 
nearly all subjects with acrylamide toxicity, however as 
affected subjects handled the substance with their bare 
hands this is likely to be a local rather than systemic 
manifestation of toxicity.
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The mechanism of acrylamide neurotoxicity has been 
studied for several years, however the toxic agent and the 
primary lesions have yet to be identified. The major route 
of biotransformation of acrylamide is conjugation with the 
tripeptide glutathione leading to subsequent depletion of 
cellular glutathione levels . 1 1 5  It has been suggested that 
if such glutathione depletion occurs within the long axon, 
normal levels may not be restored as rapidly as in other 
non-target cells. They may possibly never recover to 
optimal levels required for protection against oxidative 
stress . 1 1 9  This glutathione conjugation route appears 
detoxifying, since depletion of tissue non-protein 
sulphydryl content increases the neurotoxic potency of 
acrylamide.

Acrylamide reacts enzymatically and non- 
enzymatically with glutathione and is eventually excreted 
in urine as N-acetyl-S-(3-amino-3-oxypropyl)-cysteine.

Acrylamide is capable of inhibiting the activity of 
the enzyme, glutathione-S-transferase both in vitro and in 
vivo, suggesting that acrylamide may prevent its own 
detoxification along the glutathione conjugation 
pathway . 1 1 3

Acrylamide monomer is manufactured in large 
quantities for conversion into polyacrylamide products. 
These are used for various purposes such as, 
flocculents in water treatment systems, waterproof 
grouting agents in the construction of dams and 
tunnels, in the washing of pre-packed fruits and 
vegetables , 1 2 0  in the sugar industry1 2 1  and in the
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preparation of electrophoresis gels . 1 2 2  Although the 
polyacrylamides themselves are not toxic, commercial 
polyacrylamides contain between 0.05 - 5% of the monomer 
and it is this impurity which in the majority of cases 
leads to contact. Exposure arises either from direct 
handling in the construction industry, environmental 
exposure due to residues in drinking water, or in a 
smaller number of cases in acrylamide producing factories. 
It has been estimated that as many as 20,000 workers may 
be exposed to acrylamide in the USA and that occupational 
exposure levels may range from 0.1 - 3.6 mg m ~ 3 air . 1 2 3  

There is now renewed interest in occupational exposure in 
this country, due to large amounts of polyacrylamides 
finding their way into the construction of the Channel 
Tunnel.

The occupational exposure standard is given as 0.3 mg 
m ~ 3, skin,long term 8  hour time weighted average 
(TWA ) . 1 2 «
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Acrylamide is a powerful electrophile which reacts 
readily with nucleophilic centres such as the thiol group 
of cysteine. The reduced form of glutathione (GSH) is a 
tri-peptide consisting of glycine (Gly), cysteine (Cys), 
and glutamic acid (Glu). The oxidised form (GSSG) is a 
dimeric species formed by oxidation of the sulphydryl 
group of cysteine to form a disulphide bridge. (See figure 
50)

A previous study 1 1 5  showed that after administration 
of 1 4C-acrylamide, an adduct was formed with cysteine. A 
later study 1 2 0  showed that upon acid hydrolysis this 
adduct yielded a compound with identical chromatographic 
properties to S-(2-carboxyethyl)cysteine.

Hashimoto and Aldridge 1 1 5  estimated the rate of 
reaction of acrylamide and some of its structural 
analogues with glutathione. This was done by measuring the 
decrease of sulphydryl by the method of Ellman . 1 2 5  A 
similar study of reaction rates of acrylamide and some of 
its analogues with glutathione by FAB-MS 1 2 6  gave vastly 
different results from those obtained by the biochemical 
method.

One of the aims of this study was to explain the 
apparent discrepancy between the results from the two 
earlier experiments. The other aim was to establish 
whether mass spectrometry can be used as a reliable 
technique for studying condensed phase reaction kinetics 
such as these.

The use of alternative sampling and ionisation 
methods were investigated to study the kinetics of the
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acrylamide / glutathione reaction. Caprioli pioneered the 
use of FAB to monitor reactions directly on the probe 
tip,78*116*117 and the reaction was studied by this method 
and also by sampling a remote reaction onto the FAB probe. 
The use of thermospray (TSP) was also investigated to 
monitor the reaction. Proton NMR was used in 
conjunction with deuterium labelling to try and confirm a 
proposed reaction mechanism.

The FAB experiments were performed on a VG Analytical 
ZAB 2-F reverse geometry mass spectrometer. This was 
fitted with an 8 kV xenon atom, Ion Tech saddle field gun. 
The mass range was scanned from 800 - 50 amu at 
7 sec per decade.

The TSP experiments were performed on a VG MassLab 
12-250 quadrupole using a standard VG TSP interface with 
no filament or discharge facility. For TSP the LC eluent 
was pumped with two Du Pont 870 LC pumps and samples 
injected via a 7125 Rheodyne injector valve.

In both cases the data was processed on DEC PDP 11/73
data systems with standard software supplied by VG.

The NMR experiments were performed on a Bruker WP80.
Both the reduced and oxidised forms of glutathione 

and the acrylamide were supplied by Sigma Chemicals Ltd.
The FAB spectra of GSH and GSACRH, the adduct formed 

by the reaction, showed only protonated molecular ions at 
m/z 308 and 379 respectively. It was not possible to see 
the protonated molecular ion of ACR, since it was masked 
by the noise at the low end of the spectrum.
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4.2 Monitoring the Reaction by FAB
The initial problem was to determine why the earlier 

FAB-MS study126 apparently gave significantly different 
results to the biochemical one.115 No rate constant was 
obtained by FAB for acrylamide reacting with glutathione, 
but for the reaction with methyl vinyl ketone, an analogue 
of acrylamide a value for the second order rate constant 
(k2 ) of 5.2 x 10"2 mol-1 dm 3 min-1 was obtained by FAB 
compared with 3.5 x 104 mol-1 d m 3 min-1 by Hashimoto and 
Aldridge. The mass spectrometric study was carried out 
under conditions favourable for obtaining FAB spectra of 
the reactants and products, in glycerol with 5% acetic 
acid and at ambient temperature. The biochemical study was 
carried out in conditions closer to those within the body; 
37 °C, pH 7.3.

The first aspect that was studied was the effect of 
pH on the rate of reaction, for which the following 
experiments were carried out. Aqueous solutions of ACR and 
GSH (approximately 4 x 10*2 M) , were prepared. 40 ul of 
each was mixed in a tube along with 20 ul of the following 
pH modifiers:

i Glacial acetic acid
ii 0.1 M phosphate buffer

iii 0.880 g ml"1 NH4OH solution 
1 ul of each mixture in turn was placed on the FAB target 
and 1 ul glycerol matrix added. The probe was inserted 
into the source and the mass spectra were recorded 
continually for 20 minutes whilst the reaction proceeded. 
After this time the probe was removed and cleaned.
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The remaining mixture was allowed to react at room 
temperature and pressure. A 1 ul aliquot from this mixture 
was then placed on the target with 1 ul glycerol and its 
spectrum was obtained.

The use of the phosphate buffer gave rise to problems 
by complicating the spectrum obtained for the reaction 
mixture. As well as the peaks expected at m/z 308 and 379 
arising from the protonated molecular ions, Na + and K + 
adduct peaks were also formed. This had the disadvantage 
of making the spectrum more complex and distributing the 
ion current for each species over more peaks making 
quantification more difficult and less reproducible.

After 20 minutes the reactions in acid and base had both 
reached a steady state at which the height of m/z 308 was 
approximately equal to that of m/z 379. This can be seen 
in figures 51 and 52. After this length of time the signal 
for both ions decreased as the concentrations of all the 
compounds decrease due to their evaporation from the 
matrix. This might lead to the conclusion that the 
reaction would not proceed beyond this point in an 
equimolar mixture and that under equimolar conditions the 
pH has no effect on the progress of the reaction. However 
by comparing the mixtures which had been allowed to react 
under normal laboratory conditions, quite a different 
picture emerged.

In acid, after 20 minutes, m/z 308, the protonated 
molecular ion of glutathione was the base peak with m/z 
379 the protonated molecular ion of the adduct 
registering only 25%, showing that only a small amount of
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adduct had been formed and that most of the GSH was still 
unreacted (figure 53). In base however, m/z 379 was the 
largest peak, with m/z 308 being indistinguishable from 
the background signal (figure 54). This shows that under 
these conditions most of the GSH had been converted into 
the glutathione acrylamide adduct (GSACRH).

There were two conditions which were different 
between the environments in which the reactions took 
place. The greatly reduced pressure in the mass 
spectrometer and the large amount of energy which could be 
implanted into the system from the FAB gun.

To see if the phenomenon noticed above was due to the 
FAB process, the reaction in base was repeated in the same 
way as previously mentioned, but this time the FAB gun was 
switched on for only 20 seconds every 2 minutes instead of 
being on continually. This meant that the reaction could 
still be monitored, but as the gun was only acting on the 
reaction intermittently, any effect it was having would be 
minimised.

The resulting overall reconstructed ion 
chromatograms (RIC’s) from this experiment were the same 
as those from the previous one, suggesting that it was 
very unlikely that the bombardment of the reaction mixture 
by the energetic xenon atoms was causing the phenomenon 
seen before. Therefore the most probable cause was the 
difference in the ambient pressures.
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The results of the pH dependence experiments can 
be explained as follows. The reconstructed ion 
chromatograms, (RIC) for the reaction in glycerol / water 
with acetic acid (figure 51), showed that initially there 
was no reaction when the pH was low. Due to the high 
volatility of the acetic acid it would have evaporated out 
of the mixture on the probe very readily. As the acid 
evaporated, the pH and the reaction rate increased. After 
20 minutes the reaction did not appear to proceed any 
further. The levels of glutathione and the adduct remained 
constant. The acrylamide is also much more volatile than 
either the glutathione or the adduct. Therefore as the 
acrylamide pumped away, there would have been none left to 
react and the reaction would have stopped. After about 20 
minutes the concentration of both the remaining reactant 
and the product available on the probe tip fell, and so 
the signal for both dropped.

For the reaction in base (figure 52), a different RIC 
pattern was seen. Again this can be explained in terms of 
differing volatilities of the components of the mixture.
At the outset while the pH was high the reaction 
proceeded, and some of the product was formed. However, 
the volatility of the NH4OH was again high so that it 
would have been pumped away rapidly as the probe was 
inserted into the source. As the pH dropped the rate of 
reaction fell, and again as the acrylamide pumped away, 
would appear to have come to a halt. Again after 20 
minutes as the mixture pumped away, the signal for both 
glutathione and the adduct fell.
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It has been shown114 that the reaction of acrylamide 
with cysteine leads to the formation of an adduct, which 
upon acid hydrolysis yields, S-(-2-carboxyethyl)cysteine. 
It is proposed that this reaction proceeds via a base 
catalysed Michael addition,102 shown in figure 55. To try 
and confirm this mechanism an experiment was carried out 
in which all the exchangeable protons of the reactants 
were replaced with deuterium atoms. The resulting 
reactants and reaction products were monitored by using 
iH-NMR.

Acrylamide and cysteine were dissolved separately in 
D 2O and their 1H-NMR spectra run. The two solutions were 
mixed and some NaOD added to obtain the high pH. After 
allowing time for the reaction to take place, the NMR 
spectrum of the resulting mixture was recorded.

By subtracting the spectra of the individual 
reactants out of that of the mixture it was possible to 
determine the spectrum due to the resulting adduct. The 
proposed mechanism for the deuterium labelled reaction is 
shown in figure 56. The resulting spectrum and integrals, 
figure 57, show that a deuterium atom has been 
incorporated into the molecule at the position shown with 
* in figure 56. Although this does not give unequivocal 
proof of the mechanism, it shows that the reaction must 
proceed through the intermediate labelled I shown in 
figure 55.
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The fact that the reaction proceeds via this base 
catalysed route means that the pH must be controlled in 
order to obtain meaningful data on the reaction.

For this particular reaction, the direct 
monitoring method was quite unsuitable because it involved 
maintaining the reaction mixture at reduced pressures for 
extended lengths of time. The relatively high volatility 
of the acrylamide leads to the composition of the mixture 
changing. Therefore it became impossible to quantify the 
concentrations of the reactants after the reaction had 
started. This is a parameter needed to be able to 
calculate rate constants. As well as this problem with the 
volatility of one of the reactants, finding a suitable 
buffer system to maintain the required pH was difficult. 
Compounds such as ammonium hydroxide or triethanolamine 
are too volatile to be of use. Involatile buffers such as 
a phosphate buffer lead to unwanted complication of the 
spectra.

Monitoring the reaction in the source also 
introduced the problem of maintaining the required 
temperature. It would have been necessary to carry out all 
the reactions at the ambient source temperature. The 
standard VG Analytical FAB source does not have a heater 
or thermocouple. To control the temperature of the 
reaction mixture it would have been necessary to build 
these into the source.

A different approach was needed that would avoid 
the problems encountered above. Namely the different and 
in some cases excessive volatility of the components of
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the reaction mixture, the inability to maintain the pH at 
the required level and the inability to measure and 
maintain the reaction at the required temperature.

It was decided to carry out the reaction in a vessel 
at atmospheric pressure in the laboratory in a 
thermostated water bath and then to sample the mixture on 
to the FAB probe to determine the concentrations of the 
reactants.

Approximately equimolar solutions of GSH and ACR of 
accurately known molarity were prepared.(approximately 1.7 
x 10"2 M ) . These solutions were prepared in a 50:50 
glycerol:water solvent. To allow the temperature to 
equilibrate prior to starting the reaction, the solutions 
of GSH, ACR and .880 NH4OH were placed in the water bath 
at the required temperature. Also into the water bath was 
placed a clean glass tube in which the reaction was to be 
carried out.

20 ul NH4OH solution, 40 ul GSH solution and 40 ul 
ACR solution were added to the glass tube, the reactants 
were mixed and a stop-clock started. Once the reaction had 
been started, 2 ul aliquots were removed and placed onto 
the FAB probe which was then inserted into the source and 
5 scans acquired. The reaction was followed by monitoring 
ions at m/z 308 and 379 corresponding to [M+H]+ of GSH and 
GSACRH. The sampling continued until the rate of change of 
height of m/z 308 to 379 fell to zero. This was done only 
in an empirical way by observing the spectra obtained for 
each aliquot, rather than using any form of
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di f f erentiation.
Using this system the reaction was monitored at a 

number of temperatures ranging from 10 - 37°C. At each 
temperature the reaction was carried out three times.

One of the basic assumptions in quantitative mass 
spectrometry is that the ion current obtained from one 
compound is proportional to its concentration. Whether 
linear or not, this is unaffected by the presence of 
moderate amounts of other compounds that might be present 
in the mixture. Further for chemically similar compounds 
their ion efficiencies can be assumed to be the same. 
However these assumptions are not necessarily true with 
FAB; interactions amongst the various analytes and matrix 
components can affect the composition of the surface being 
sputtered.7 8

It was necessary therefore to compare the signal 
intensity for the [M+H]* ion of GSH with that of the 
adduct GSACRH, so that the concentration of the reactants 
could be accurately quantified. This was investigated by 
reacting GSH with ACR in the ratio of 2:1. This meant that 
when the reaction had gone to completion, the final ratio 
in the reaction vessel should have been,
GSH : ACR : GSACRH, 1 : 0 : 1 .

The reactants were mixed and the reaction sampled as 
before. The reaction was allowed to proceed until the 
ratios of intensities of m/z 308 to 379 became constant.
If GSH and GSACRH had had the same intensity for their 
[M+H]+ ions as each other the ratio of the heights of the 
peaks should have been 1 : 1 .  The results of these
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experiments are shown below in table 2.

Correction Factor Allowing for Relative Ionisation 
Efficiencies offM+H1+ Ions of GSH and GSACRH

Table 2

Reaction
Temperature
°C

Height m/z 308
m/z 379

Average 
Correction Factor 

%
10 .605
25 .527 58.9
37 .635

The averaged result for these experiments of 58.9 % 
shows that under the conditions used to monitor the 
reaction, the peak at m/z 308 corresponding to the 
protonated molecular ion of GSH is only 58.9 % as intense 
as the peak at m/z 379 corresponding to the protonated 
molecular ion of the GSACRH adduct. This does not 
necessarily imply that the ionisation efficiency for GSH 
is that much lower than for GSACRH as other factors can 
affect the intensity of the peak.51*52 If the spectrum 
for the compound shows any dimer or trimer etc formation, 
or any fragmentation this will reduce the intensity of the 
[M+H]+ peak. The intensity of the spectrum for a compound 
will also depend on its behaviour in solution. A FAB 
spectrum depends upon the sample being sputtered from the 
surface of the matrix drop. Therefore the degree of 
hydrophobicity will affect the concentration of the 
compound at the surface of the drop and this in 
conjunction with its volatility will control the intensity 
of the spectrum for that compound.51*52
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This factor of 58.9 % was then used in the calculation 
of the results from this series of experiments, as shown 
in section 4.4.
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4.3 Monitoring the Reaction by TSP
Part of the aim of this study was to try and decide 

on the best mass spectrometric method of monitoring the 
kinetics of reactions. Because thermospray is a dynamic 
system which allows the direct introduction of solutions 
it was felt that this might be an appropriate technique.

The thermospray experiments were carried out with the 
apparatus set up as shown in figure 58. A two pump system 
was used combining the flow through a mixing T-piece. Each 
pump had a flow of 0.5 ml min-1 leading to a total flow at 
the thermospray interface of 1.0 ml min-1. The eluent used 
was 0.1 M aqueous ammonium acetate. Using this system, the 
reaction could be carried out under the desired conditions 
in the laboratory and sampled into the thermospray 
interface. An internal standard of oxidised glutathione 
(GSSG) was included in these experiments.

Initially it was necessary to determine whether the 
reactants would give thermospray spectra. Aqueous 
solutions of ACR, GSH, and GSSG were prepared and injected 
via a Rheodyne injector into the interface. The source 
conditions were tuned such that the spectra for GSH and 
GSSG were predominantly [M+H]+ with little [M+NH4 ]* or 
fragmentation. It was found that acrylamide gave rise to 
strong spectra over a wide range of source conditions, 
probably due to the thermal stability and relatively high 
volatility of ACR compared to GSH and GSSG. To a small 
extent this may also be compounded by the mass 
discriminatory effect of the quadrupole analyser.98 
Acrylamide was therefore expected to give a good response



at the conditions chosen for the other compounds.
To be able to calculate the concentrations of ACR and 

GSH at any time after the reaction had commenced, it was 
necessary to include an internal standard, which needed to 
be something which would not react under the conditions 
chosen and would preferably be similar to one or both of 
the reactants.82 Therefore the use of a stable isotopic 
standard was ruled out, and oxidised glutathione, having 
no free sulphydryl groups to react but being similar to 
GSH and the adduct GSACRH was chosen.

To ensure that no reaction takes place between ACR 
and GSSG, solutions of each at approximately 4 x 10-3 M 
were prepared, mixed, made basic and allowed to stand for 
30 min at 37°C. After this time this mixture was sampled 
into the thermospray interface and the spectrum scanned 
for evidence of any reaction. There were no peaks at 
either m/z 684 or 379 which would have corresponded to an 
adduct having been formed between the two, confirming that 
GSSG did not interfere with reaction that was being 
studied and that it therefore made a suitable internal 
standard.

A selective ion recording (SIR) acquisition system 
was set up on the data system to monitor m/z 72, 308, 379 
and 613 corresponding to the [M+H]♦ peaks of ACR, GSH, 
GSACRH and GSSG. This was then used throughout this series 
of experiments to monitor the reaction.
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To determine the concentrations of ACR and GSH in the 
reaction mixture after the reaction had commenced, 
calibration curves were produced for concentration against 
area of peak in the ion trace for a series of standard 
solutions. This was done with two sets of solutions 
containing varying amounts of either GSH or ACR with a 
fixed amount of the internal standard. Aliquots of these 
were injected into the eluent and the area under the 
resulting peak in the SIR trace integrated.

Solutions of ACR, GSH and GSSG of approximately 
4 x 10"3 M were prepared. Calibration curves were produced
by pipetting into two series of glass vials; 100 ul GSSG
solution, 50 ul .880 ammonium hydroxide solution, 0, 20, 
40, 60, 80 and 100 ul of either ACR or GSH solution and 
water to make the total volume up to 300 u l . 10 ul 
aliquots of each solution were removed and injected into 
the eluent stream.

The areas under the resulting GSSG peak and either 
the ACR or GSH peak were integrated using the software 
supplied on the data system. Two calibration curves were 
then produced using the following equations;

Area under m/z 72 plotted against [ACR]
Area under m/z 613

Area under m/z 308 plotted against [GSH]
Area under m/z 613
Where [ ] = concentration in M

By plotting the area of the peak due to the reactants 
over the area for that of the internal standard, any
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fluctuations in the signals due to pulsing of the LC 
pumps or inaccuracies in the injections should be 
nullif ied.

Into a thermostated water bath at 37°C were placed 
the solutions of ACR, GSH, GSSG and .880 NH4OH. A clean 
glass tube was also placed in the bath and allowed to 
thermally equilibrate. 1 ml of each of ACR, GSH and GSSG 
were placed into the reaction vessel and to the mixture 
was added 50 ul of .880 NH4OH to bring the pH of the 
solutions to 11.3. 10 ul aliquots were then sampled and 
injected into the eluent stream at approximately one 
minute intervals. The monitoring of the reaction was 
continued until the rate of change of the area of the 
peaks corresponding to ACR and GSH had fallen to zero. 
Again, as with the FAB experiments in section 4.2, this 
was done on an entirely empirical basis by observing the 
peaks being produced in the RIC*s.

The areas under the peaks for m/z 72, 308 and 613 
were integrated as before. The concentrations of ACR and 
GSH were then obtained by reference to the calibration 
curves and used to calculate the rate constant for the 
reaction as in section 4.4. The experiment was then 
repeated twice.

The experiments were then repeated at pH 7.3. The 
calibration curves for GSH and ACR were produced in the 
same way as for the reaction at pH 11.3. The initial 
concentrations of ACR, GSH and GSSG were increased to 
4 x 10"2 M for this experiment since the reaction would
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have taken an inordinately long time at this pH. Altering 
the concentrations did not affect the calculated rate 
constant but made the experiment more workable.

The reaction was monitored and the results calculated 
as outlined in section 4.4.
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4.4. Calculations
4.4.1 Second Order Rate Equation

For a reaction of the type :
A + B  ^  C

the rate equation is given by
-d[A 1 = k 2 [A][B] 

dt

it is possible to test for second order behaviour in the 
following manner:
If the initial concentrations of ACR and GSH are:

[GSH]o and [ACR]o
then when [GSH] drops to [GSH]o - x 

[ACR] drops to [ACR]o - x

it follows that: -d[GSH] = k 2 [GSH] [ACR]
dt  ii

and that therefore: -d\GSH1 = k 2 ([GSH]o - x) ([ACR]o - x)
dt

...........iii

But since d[GSH1 = d([GSH1o - x ) = -dx
dt dt dt

...........iv

because [GSH]o is a constant, the rate law can be written
dx = k 2([GSH]o - x)([ACR]o - x) 
dt

...........v

and can be solved for x as a function of t (t = time).
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The integration of equation v proceeds as follows. 
Taking x = 0 at t = 0 gives

k 2 1 =
^x t

Ox

____________ dx______________
([GSH]o - x) ([ACR]o - x)

...........vi

_̂ 1 \ ( 1______  - 1 \  dx
J GSH ] o -  [ ACR ] o/ V([GSH]o -  x) ([ACR]o -  x ) J

. . vii

  n ( [GSH] o \ -In [ [ACR] o
t[GSH] o- [ACR] \[GSH]o-xty UACR] o-x

. viii

This expression can be simplified by combining the two 
logarithms and recalling that [GSH]t = [GSH]o - x» 
and that [ACR]t = [ACR]o - xt» thus

k 2 1 =
[GSH]o-[ACR]o

In ft GSH] t [ACR] <> 
GSH] o[ ACR] t,

I X

Rearranging this equation gives:
([GSH]o - [ACR]o) k 2 1 = In [GSH]t + In [ACR]o

[ACR] [GSH]o
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In order to prove that the reaction follows second order
kinetics a plot of In [GSH]t against t,

[ACR]t
should give a straight line of slope k2([GSH]o - [ACR]o)

4.4.2 Temperature Dependence of the Reaction
The temperature dependence of a reaction rate 

constant has been found to fit the expression proposed by 
Arrhenius.

k 2 = A exp (-Ea / RT)
...........xi

The pre-exponential factor A, and the activation energy Ea 
can be determined from a plot of In k 2 against 1 / T

Where T = temperature, and R = gas constant
In k 2 = In A -(Ea / RT)

X I I

where the intercept = In A and the slope = -Ea / R
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The second order rate equation can be applied to the 
data from the FAB experiments in the following manner:

At t = 0, [GSH] = [GSH]o and [GSACRH] = 0
at time t, [GSH]t + [GSACRH]t = [GSH]o

From the spectra:
peak height of m/z 308 + 379’ =  [GSH]o
since peak height m/z 308 «=< [GSH] t
and peak height m/z 379* o<. [ACR] t

[GSH]t = [GSH]o - [GSACRH]t
- [GSH]o - (  379 *

\379* + 308
and [ACR]t = [ACR]o - / 379*

I 379 * + 308

These calculated values of [GSH]t and [ACR]t are then used 
in equation x.

* [GSH]o

* [GSH]o

Where 379* is the peak height of m/z 379 * 0.59 
corrected for the different ionisation efficiencies 
calculated in section 4.2.

A set of typical data and calculations are shown in 
the appendix.
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The second order rate equation can be applied to the 
data obtained from the TSP experiments in the following 
manner.

Calibration curves for [GSH] and [ACR] were produced

Area under m/z 72 plotted against [ACR]
Area under m/z 613

and Area under m/z 308 plotted against [GSH]
Area under m/z 613

[GSH]t and [ACR]t are calculated from:
Area under m/z 72t gives [ACR]t from calibration curve
Area under m/z 613t

Area under m/z 308t gives [GSH]t from calibration curve
Area under m/z 613t

k 2 can then be calculated in one of three ways;
1) [GSH]t and [ACR]t are used directly in eqn x

2) [GSH]o - [GSH]t = x
therefore [GSH]o - x = [GSH]t 
and [ACR]o - x = [ACR]* t
use these values for [GSH]t and [ACR]*t in eqn x

3) [ACR]o - [ACR]t = x
then [ACR]o - x = [ACR]t 
and [GSH]o - x = [GSH]’t
use these values for [GSH]* t and [ACR]t in eqn x

A set of typical data and calculations for these 
experiments is shown in the appendix.
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4.5 Results
The results of the experiments carried out by 

sampling the reaction onto the FAB probe as described in 
section 4.2 were calculated as section 4.3 and are shown 
below in table 3.

Rate Constants from FAB Experiments 
Table 3

Temperature
of reaction k 2 Ea

°C pH mol-1 d m 3 min-1 kJ mol-1
10 11.5 5 . 2 + 0 . 1 5  ,
15 11.5 8.0 + 1 . 4  i2 4 . 6 + 4 . 0
25 11.5 12.6 + 0.9
37 11.5 13.3 + 1.0

The resulting Arrhenius plot for these results is 
shown in figure 59.

The values for k 2 obtained by FAB show a reasonably 
linear relationship over the range 10 - 25°C. However the 
values obtained at 37°C are somewhat lower than would have 
been expected by extrapolation of the line drawn through 
the other points.

A possible reason for this apparent inconsistency is 
that the reaction proceeds faster at the higher 
temperature thus less sampling points are available. This 
might then lead to less precision in the answer. This 
would be expected to lead to a greater spread of the 
values for k 2 rather than the observed low value for k 2 .

Alternatively it could be an artefact caused by the 
changing viscosity of the matrix used.
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The value for the activation energy of 24.6 kJ mol-1, 
suggests that this is an activation rather than a 
diffusion controlled reaction.127 In a diffusion 
controlled reaction the energy barrier for the reaction to 
proceed is relatively low. The governing factor for the 
reaction to proceed is the rate at which the molecules 
diffuse and come together. When there is a substantial 
activation energy to overcome, the energy with which the 
atoms collide is the determining factor. For a diffusion 
controlled bimolecular reaction in a 1:1 glycerol:water at 
20°C, a rate constant of about 9 x 107 mol-1 d m 3 min-1 
would be expected.127 This is substantially greater than 
the observed value and suggests that the changing 
viscosity of the reaction matrix at the elevated 
temperature should not influence the reaction.

Another possibility is that competing reactions 
take place at the higher temperature, reducing the amount 
of the reactants available for the reaction of interest 
and leading to a flattening of the Arrhenius plot. It has 
been suggested that at these temperatures the acrylamide 
may start to polymerise,128 but this is unlikely as it 
usually occurs under acidic conditions. Glutathione may 
oxidise to form a disulphide bridge,102 which would appear 
to be more likely, even though there is no evidence of a 
peak in the mass spectrum at m/z 613 corresponding to 
GSSG.
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The results from the TSP experiments described in 
section 4.3 and calculated in section 4.4 are shown below 
in table 4

Rate Constants From TSP Experiments 
Table 4

Temperature pH k 2
°C mol-1 d m 3 min-1

37 11.5 57.5 + 8.4
37 7.3 0.72 + 0.06

The TSP results were calculated by reading off the 
concentrations of GSH and ACR from calibration curves. 
Typical calibration curves are shown in figures 60a and b. 
These show a good linear relationship between 
concentration and peak areas in the ion chromatograms.

In section 4.4 it was stated that it is possible to 
calculate the TSP results in one of three ways. The 
variation between the values for k 2 calculated by the 
three methods together with the correlation coefficients 
for the linear regression analysis are shown in table 5 

Rate Constants from TSP Calculated Three Ways
Table 5

pH Temperature method 1 method 2 method 3
°C k 2 mol-1 d m 3 min-1

k 2 r k 2 r k 2 r
11.5 37 162 .691 49.1 .979 40.7 .890
11.5 37 272 .660 58.3 .988 73.7 .861
11.5 37 296 .690 65.4 .991 160 .813
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The graphs used to calculate k 2 by the three 
different methods are shown in figure 61a-c. In TSP 
acrylamide gave a strong signal. When it was used to 
calculate k 2 in conjunction with the glutathione it lead 
to greater fluctuations in the results. This can be seen 
in figure 61a. When either GSH or ACR were used on their 
own as in figure 61b and c, a smaller spread of results 
was obtained leading to a more precise figure. Of the two, 
using GSH to calculate the results gave the highest 
correlation co'efficient of 0.988. It had been anticipated 
that the ability to monitor the concentration of ACR as 
well as GSH would lead to more precise results than in the 
FAB experiments for which the concentration of ACR had to 
be assumed from the amount of GSH present.

The calibration curves for ACR did not show any 
greater variation than those for GSH. However it would 
appear that combining the two sets of values together 
which are subject to their own fluctuations magnifies any 
errors. Comparing figures 61b and c and the results in 
table 5 it would appear that it is the ACR which causes 
most of the problems. Because the [M+H]+ peak for ACR is 
at the low end of the mass range where there will be 
interferences from other ions. These arise from clusters 
from the eluent, and from any fragmentation, and will be 
subject to greater variations from changes in the source 
pressure. Such variations can be caused by the injections 
and by slight changes in eluent composition which would 
inevitably occur.
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As anticipated the baseline signal for m/z 72 is much 
higher than for m/z 308, 379 and 613, confirming that 
there are more interfering ions at low mass. The LC pumps 
used for these series of experiments (Du Pont 870) were of 
some age, and produced quite considerable pulsing of the 
eluent, which manifests itself in the pressure in the mass 
spectrometer cycling in tandem with the pumps. This can 
lead to variations in ionisation in the source. 9 6 * 9 7 •98»99 
As most of the interfering signal from the solvent occurs 
at the lower mass end, it is the ACR which will be subject 
to the greater errors.

One of the most interesting outcomes of this study is 
the difference between the FAB and TSP results at pH 11.5 
and 37°C. The rate constant as determined by TSP was 57.5 
mol-1 d m 3 min-1, whereas by FAB it was calculated to be 
13.3 mol-1 d m 3 min-1. The difference between the 
conditions under which these two experiments were carried 
out was the reaction medium. In TSP the reaction was 
carried out in 0.1 M aqueous ammonium acetate. For the FAB 
experiments the reaction was carried out in 1:1 glycerol : 
water. This has a much higher viscosity than water; 1.47 x 
10-3 kg m _1 s _1 at 20°C.112 So it would appear that there 
is a considerable contribution from the diffusion effect 
although this was not expected from the figure calculated 
for the activation energy. This means that the value 
quoted for the activation energy of 24.6 kJ mol-1 maybe 
artificially high due to variations in the matrix 
viscosity with temperature.
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The other notable result is the reaction at pH 7.3 at 
37°C monitored by TSP. The value obtained for k 2 of 0.72 
mol-1 d m 3 min-1 is in very good agreement with the value 
of Hashimoto et a l .115 of 0.91 mol-1 d m 3 min-1.
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4 .6 Conclusions
Two questions were asked at the start of these series 

of experiments; i) why did two sets of experiments carried 
out on the the same reaction by two different methods give 
totally different answers and ii) was mass spectrometry a 
suitable technique to monitor reactions of this type?

It quickly became apparent that the previous study of 
this reaction by FAB had used considerably different 
conditions to those used by Hashimoto and Aldridge. By a 
series of simple experiments in which the reaction was 
monitored in both acid and base conditions it became clear 
that pH was very important in this reaction. With previous 
knowledge of the structure of the resulting adduct 
determined by Bailey et al.120 and by the NMR studies 
outlined earlier it was then possible to confirm that the 
reaction was a base catalysed Michael addition.

Following the reaction by FAB it was possible to 
confirm that the reaction does in fact follow second order 
reaction kinetics. The second order rate constant obtained 
by this method was again somewhat different to that 
obtained by Hashimoto and Aldridge. This was again due to 
the reaction being carried out at a different pH. By 
carrying out the reaction at a series of different 
temperatures it was possible to determine the activation 
energy for the reaction under these conditions.

By examining the reaction by TSP two different things 
were shown. Firstly that by recreating the conditions used 
by Hashimoto and Aldridge a second order rate constant in 
close agreement was obtained, and having the advantage of
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showing more precision. In one experiment the reaction was 
carried under the same conditions as for the FAB 
experiments but in a different matrix. From this it was 
possible to show that despite the relatively low rate 
constant and the high activation energy, that the reaction 
is controlled to some extent by both activation and 
dif fusion.

The second question was whether mass spectrometry was 
a suitable technique for determining reaction parameters 
such as these on this type of condensed phase reactions. 
FAB has been used successfully for following enzymatic 
type reactions. Here the reactants and matrix are 
sufficiently involatile as to allow the reaction to 
proceed for a sufficient time to monitor them.78*116*117

However, for this particular reaction, the approach 
of allowing the reaction to proceed on the FAB probe was 
found to be quite unsuitable. The reaction had to be held 
at a particular pH and no way was found of maintaining 
this throughout the process. This was due partly to the 
high volatility of the pH modifiers used. The main problem 
encountered with this approach was that one of the 
reactants pumped away rapidly and so no reaction took 
place.

By carrying out the reaction on the bench at normal 
room temperature and pressure and then sampling the 
reaction mixture it was possible to monitor the reaction 
at a range of temperatures and pHs.

There was an advantageous artefact of this process.
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As the sampled aliquot was injected into the eluent, its 
acidic nature had the effect of ''freezing" the reaction 
This had the advantage of improving the accuracy of the 
data points obtained.

For reactions of this type this method would be quite 
suitable as long as the reactants or a reactant and 
product give strong signals in the mass spectrum. In this 
series of experiments, two different methods of 
determining the concentrations of the reactants were 
employed. For FAB, an assumption was used that the heights 
of [M+H]♦ peaks in the mass spectrum could be used to 
determine concentrations. For TSP a discreet signal for 
each sampled aliquot was obtained, and the area 
corresponding to all the reactant for that sample was then 
quantified.

This study has shown that mass spectrometry is indeed 
a very suitable technique for monitoring condensed phase 
reactions. The type of mass spectrometric experiment 
carried out will depend upon the nature of the reaction, 
reactants and products. In this particular case TSP was 
shown to be a more suitable technique than FAB, since it 
allowed more flexibility in the choice and control of the 
reaction conditions.

Alternative introduction and ionisation methods 
such as continuous flow-FAB or electrospray may well be 
very useful for studying such reactions. Unfortunately no 
equipment was available to attempt these studies by these 
methods.
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Chapter 5 The Assay of Chlormethiazole in Blood Plasma
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5.1 Introduction
Chlormethiazole, 5(2-chloroethyl)-4-methylthiazole is 

a derivative of the thiazole moiety of thiamine. It is a 
drug whose pharmacological properties are those of a 
sedative and hypnotic, its action being characterised by a 
marked anti-convulsant effect. It is used extensively in 
the treatment of conditions characterised by anxiety and 
agitation. These include acute drug and alcohol withdrawal 
and pre-eclamptic toxaemia during pregnancy. It is also 
used in the treatment of sleep disturbances and states of 
confusion in the elderly.

The drug is administered as the ethane-1,2- 
disulphonate, (edisylate) salt shown in figure 62. This 
is a white crystalline powder with a characteristic odour 
which becomes more distinct and unpleasant when the 
substance is heated. Chlormethiazole can be administered 
orally, as capsules, tablets or an elixir, and can also be 
given as an intravenous infusion.

s o 3-
I
C H 2
I
c h 2
ISO 3 -

2

Structure of Chlormethiazole Edisylate 
Figure 62
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Chlormethiazole is absorbed into the blood plasma and 
is extensively metabolised, probably by first pass 
metabolism in the liver. Patients have been reported to 
suffer nasal and conjunctival irritation and gastro
intestinal disturbances such as nausea, vomiting and 
dyspepsia. Following oral administration, peak plasma 
concentrations are attained after 15-45 mins. The decline 
in plasma concentrations has been shown to be biphasic, 
the half-life of the initial phase is 0.5 hr., with that 
of the terminal phase about 4 hr. in young subjects. 
Studies in healthy elderly subjects show a more 
complicated drug distribution, with a terminal half-life 
of 8.5 hr. The drug clearance value provides the best 
index of the body’s ability to remove a drug, and Nation 
et al .129 showed that the plasma clearance for 
chlormethiazole was significantly less for elderly 
patients than for young subjects. This is most probably 
due to reduced cardiac output and liver blood flow in 
elderly subjects.1 3 0 , 1 3 1

Most geriatricians acknowledge the dangers associated 
with the use of hypnotics in the elderly. They will, 
however, resort to their short term use where sleep 
disturbances fail to respond to education and reassurance, 
and where there is no underlying physical disorder. 
Hypnotics can be valuable in the first few days after 
admission to the strange and noisy environment of a 
hospital ward to control nocturnal wandering and disturbed 
behaviour in demented elderly patients.132 However the use 
of such hypnotics may inhibit spontaneous movement during
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the night and so render the patient liable to the 
development of pressure sores.133 The present study was 
carried out to determine whether chlormethiazole 
administered at the currently recommended dose levels 
suppresses the movement of elderly patients during sleep.

Twelve patients, mean age 81 years, each received 
three treatments in a randomised order. The treatments 
each lasted for 1 week and were as follows:

i. 2 chlormethiazole capsules(384 mg) 
ii. 1 chlormethiazole and 1 identical placebo capsule 

iii. 2 placebo capsules.
Capsules were given nightly at 22:00 hr. Blood samples 
were taken from the patients after twelve hours and stored 
at -60°C until the assay was performed. Before undergoing 
treatment, those patients who were already receiving 
hypnotics underwent a one week washout period. A system 
involving a load transducer placed under each leg was used 
to obtain a continuous plot of the position of the 
patients centre of gravity.134

A sensitive and selective assay method was required 
for the samples from this study. The levels of the drug 
were expected to be very low, previous studies 129»135 
suggesting something in the region of 1 ng m l -1, and the 
volume of sample available was also low (between 0.5 and 
2.0 ml). GC-MS was chosen as the method of analysis as 
previous studies 129»135_138 had shown chlormethiazole to 
be amenable to this method of analysis.

Earlier assays for chlormethiazole in plasma and 
urine involved extractions with diethyl ether followed by
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GC separation.129*137 For detection of chlormethiazole at 
levels of between 50-100 ng m l -1, Jostell et al.138 used a
method based on a carbon disulphide extraction followed by
GC-MS, with SIR. This method enabled quantification down 
to 1 ng ml-1 plasma. The salient features of the Jostell 
method are shown in table 6.

Outline of the Jostell Assay for Chlormethiazole
Table 6

1. Place plasma sample in glass tube.
2. Add internal standard, 10 % sodium carbonate and 

carbon disulphide.
3. Shake, centrifuge and transfer organic extract.
4. Concentrate solution.
5. Inject onto GC-MS.
6. Quantify by SIR.

The analytical method of Jostell was taken as the 
starting point for the assay, each step was then examined 
in turn to try and improve the assay procedure. By 
carefully refining each step in turn it was possible to 
develop an assay method capable of quantifying 
chlormethiazole at levels of 250 pg m l -1 plasma.

By determining the level of chlormethiazole in plasma 
it was possible to assess how much of the drug had been 
absorbed by the patient. The results of these assays could 
then be examined along with those from the tests on the 
inhibition of spontaneous movements during the night, to 
see whether there was any correlation between the two.
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The gas chromatograph used for this study was a 
Hewlett-Packard 5890 fitted with a split/splitless 
injector used in the splitless mode. This was coupled to a 
VG MassLab 12-250 quadrupole mass spectrometer. The GC 
column was interfaced by placing the end of the capillary 
directly into the ion volume. (See section 1.2) Authentic 
samples of chlormethiazole and the internal standard 
bromethiazole were supplied by Astra Pharmaceuticals. The 
solvents and reagents used were AnalaR grade from BDH 
limited.

The 70 eV electron impact spectrum of chlormethiazole 
is shown in figure 63a. The spectrum shows a fairly 
intense molecular ion at m/z 161. This ion can undergo a 
charge site reaction leading to the loss of C l • giving a 
small peak at m/z 126. The base peak at m/z 112 arises 
through an alpha cleavage following ionisation in the ring 
leading to the loss of CICH 2 •. This ion can be stabilised 
by taking up resonance forms. The ion at m/z 112 can then 
undergo an elimination reaction to lose -HCN perhaps to 
form a three membered ring which again can be resonance 
stabilised.139 This ion can further break down to give an 
ion at m/z 45 corresponding to S=CH+. The suggested 
fragmentation pathway is shown in figure 64.

Bromethiazole is a chemical analogue of 
chlormethiazole and was used as an internal standard. The 
70 eV electron impact spectrum of bromethiazole, figure 
63b shows an almost identical fragmentation pattern, with 
the molecular ion peak at m/z 205.

The ammonia CI+ spectra of chlormethiazole and
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bromethiazole are very simple and again almost 
identical. See figures 65a and b. Chlormethiazole shows a 
protonated molecular ion at m/z 162 with small peaks at 
m/z 126 and 112. The spectrum of bromethiazole also shows 
mainly the protonated molecular ion at 206 with the same 
fragment ions.
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5.2 Optimising the Assay Conditions
To try and develop the optimum conditions for the 

assay, each step was considered in turn, various 
alternatives were investigated and where possible the most 
effective method was used. To increase the sensitivity and 
to improve the precision, selected ion recording was 
chosen in preference to scanning detection.

5.2.1 Comparison of El with Cl
The choice of ionisation technique to use can be 

most important in the assay in terms of sensitivity 
and signal to noise ratio, (see chapters 1 and 2).
The ionisation techniques of El, and positive ion Cl 
were compared. The El and ammonia Cl spectra of 
chlormethiazole and bromethiazole are shown in figures 63 
and 65. Although m/z 112 is the base peak in the El 
spectrum of chlormethiazole, it contributes only about 20% 
to the total ion current of the spectrum. In the CI+ 
spectrum however, 50% of the ion current is concentrated 
in the protonated molecular ion peak at m/z 162. If the 
ionisation efficiency of the two techniques was the same, 
monitoring m/z 162 under CI+ conditions would lead to an 
increase in sensitivity of 2.5 times. The reconstructed 
ion chromatograms from the CI+ experiment were also less 
likely to have interfering peaks arising from other 
unwanted compounds extracted, thereby possibly giving an 
increase in signal to noise ratio.

A solution of chlormethiazole in chloroform of 400 
ng m l -1 was prepared. A 2 ul aliquot was injected onto the
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GC and the chromatograms recorded under both EI+ and CI+ 
conditions. The source conditions in CI+ having been tuned 
previously to give predominantly [M+H]+ with little 
fragmentation. The results from this experiment are shown 
below in table 7.

Comparison of El with Cl 
Table 7

area m/z 112 under EI+ 69350 +. 10%
area m/z 162 under CI+ 13400 + 7%

13400 * 100 = 20%
69350

Under these conditions the protonated molecular ion 
at m/z 162 in CI+, gave only 20% of the response of the 
fragment ion at m/z 112 in EI+. It was decided that the 
greater signal intensity of El over Cl would more than 
negate any possible increase in signal to noise ratio 
which might result. Furthermore, due to the nature of the 
Cl experiment, it can be difficult to achieve reproducible
conditions in the source which leads to variations in the
spectra making quantification difficult and 
inaccurate.81*82*85 For both of these reasons it was 
decided to use EI+ for the analysis unless later 
experiments on plasma showed a need to increase the 
selectivity of the detection technique.

The quadrupole analyser was set up to monitor m/z 
112, the base peak of both chlormethiazole and the
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internal standard, 161 the molecular ion of
chlormethiazole, and 205 the molecular ion of the internal 
standard. Even though the fragment ions at m/z 112 were to 
be used for the quantification, the molecular ions were 
also monitored to ensure correct assignments of the 
chromatographic peaks.

5.2.2 Comparison of GC Columns
The next aspect that was examined was the gas 

chromatographic separation. Four different chromatography 
columns were investigated to see which would give the best 
results in terms of separation, retention times and peak 
shape. A standard solution of 5 ng ul-1 chlormethiazole 
and bromethiazole in chloroform was used throughout. The 
columns investigated are listed in table 8.

GC Columns Investigated 
Table 8

1 12 x 0.22 x 0.50 - dimethyl siloxane BP1
2 25 x 0.22 x 0.50 - 5% phenyl methyl siloxane BP5
3 25 x 0.22 x 0.50 - 7 % cyanopropyl + BP10

- 7% phenyl methyl siloxane
4 25 x 0.22 x 0.25 - polyethylene glycol BP20

The columns are specified as a x b x c - d, where: 
a: column length m 
b: column internal diameter mm 
c: film coating thickness um 
d: stationary phase description
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The conditions used for each column such as injector 
and column temperature, temperature programming were 
varied and the best chromatograms obtained from each 
column are shown here in figure 66.

The chromatogram from the BP1 column, figure 66a 
showed good separation of the components, and short 
retention times. Both components eluted from the column 
within 4.5 min. However the peak shape was not symmetric 
and the peaks showed considerable tailing which could not 
be removed despite varying the conditions. Such tailing 
leads to an increase in the width of the peak, decreasing 
the height and thereby adversely affecting the ultimate 
limit of detection. The trace from the BP5 column figure 
66b showed a considerable increase in the retention times 
for the components. Neither component had eluted until 
after 11.5 min. This column did not lead to any 
improvement in resolution either. The trace from the BP10 
column showed a more symmetric peak shape, giving rise to 
narrower peaks which can give a better limit of detection 
(See figure 66c). The retention times with this column 
were longer, 13.5 min. was required to elute both the 
components. The trace from the BP20 column figure 66d 
showed that after 20 mins at elevated temperatures only 
the chlormethiazole had eluted.

The choice of column to use would therefore through 
necessity involve a compromise from the ideal situation. 
The use of the BP1 column gave poor peak shapes in 
comparison with some of the others, but good separation 
was obtained and analysis times were short. The BP5 column
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had no advantages over the BP1. The BP10 column gave good 
peak shapes and good separation, but had longer retention 
times. This would lead to an increase the length of 
analysis by three times but the better peak shape of this 
column would give an improvement in the overall limit of 
detection. The BP20 offered no advantage in terms of 
detection limit but a considerable increase in analysis 
time. For these reasons it was decided to use the 12 m BP1 
column as it was felt that the slight loss in sensitivity 
was not as important as the gains that could be made in 
speed of analysis. If later experiments showed that 
greater sensitivity was required the BP10 column could be 
used.

5.2.3 Comparison of Solvents for Extraction
The next aspect that was investigated was the 

extraction of the drug and internal standard from plasma 
into an organic solvent. Previous methods had used an 
extraction procedure with either carbon disulphide13® or 
anaesthetic grade ether . 1 3 7  For this study solvents denser 
than water, carbon disulphide and chloroform, and a 
solvent lighter than water, diethyl ether were 
investigated. Plasma samples were spiked with 
chlormethiazole to cover the range 50-250 ng ml"1. These 
were made basic with sodium carbonate solution and the 
free base extracted with 5 ml amounts of the immiscible 
organic solvents. The extracts were concentrated and 
analysed by GC-MS under the conditions already outlined. 
The amount of drug and internal standard present in the

168



organic extract should be related to the extraction 
efficiency of the solvent, but will also depend on other 
physical constraints within the experiment. The results of 
these experiments are shown in figure 67. Only the first 
two points are shown for diethyl ether in order to 
maintain clarity in the graph.

The two solvents which are denser than water gave 
similar results, limits of detection were in the range of 
50 ng ml - 1 plasma. The use of the less dense solvent 
diethyl ether gave a peak area of about twenty times that 
of the other solvents. This implies that the use of 
diethyl ether as the extracting solvent should lead to an 
increase in the possible limit of detection. For this 
series of experiments a conservative limit of detection 
was taken to be when the signal to noise ratio was 1 0 :1 .

The difference in the amount of drug extracted 
between solvents may not be purely a function of 
partitioning. It may also be due to the ease of separating 
an ether extract from plasma, compared with either 
chloroform or carbon disulphide. With the denser solvents, 
after shaking and centrifugation, some unwanted materials 
from the plasma precipitated out in the organic layer, or 
formed a solid crust at the phase boundary. This meant 
that an extra filtration step would have been needed when 
using the denser solvents to remove the unwanted 
materials. No such problems were evident when using 
diethyl ether as the extracting solvent.
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5.2.4 Comparison of Bases
Prior to extracting the chlormethiazole from plasma, 

the aqueous solution was made basic to ensure that the 
drug was present in its free base form and not as a salt. 
To see whether there were any other effects of making the 
solution basic, a range of bases were investigated.
To 1 ml water was added 1 ml of a solution containing 50 
ng chlormethiazole and 50 ng bromethiazole, 0.5 ml base 
and 5 ml diethyl ether. The bases studied were:

1 1 0 % sodium carbonate solution
2 10 M sodium hydroxide solution
3 5 M sodium hydroxide solution
4 Deionised water (as a control)

The samples were extracted and analysed as before, 
and the results are shown below in table 9

Comparison of Bases Used for Extraction 
Table 9

Peak Peak
area area Ratio
m/z 1 1 2 m/z 1 1 2 chlorm

Base chlorm brom /brom
10% Na 2CO 3 495 319 1.55
5 M NaOH 682 494 1.38
10 M NaOH 462 329 1.41
Water (control) 155 131 1. 19

These results show that there is no advantage in 
using any one of the bases over any other, as they all 
give comparable results, though as the bases were 
investigated once only this does not give a statistically 
significant result. The control experiment using deionised 
water, which is somewhat acidic, gave a lower ratio than 
the others showing that the basic nature of the solution 
affects the relative extraction efficiencies between

171



chlormethiazole and bromethiazole. The total amounts of 
chlormethiazole and bromethiazole extracted were reduced 
by approximately three times in the control experiment, 
emphasising the importance of making the solution basic 
for the most efficient extraction to be achieved.

5.2.5 Comparison of Concentrating Solvents in Plastic and 
Glass

The next aspect of the assay procedure that was 
investigated was the transfer and concentration of the 
organic solvent containing the drug and internal standard. 
After mixing and centrifugation, the organic extract was 
removed and the solvent dried down under a stream of 
nitrogen to concentrate the analyte. A comparison of the 
use of plastic and glass vials for this process was 
investigated. Two sets of 1 ml portions of plasma were 
spiked with chlormethiazole to cover the range 
1-50 ng m l - 1 plasma. These were made basic with sodium 
carbonate solution and extracted with 5 ml diethyl ether. 
After centrifugation one set was transferred to disposable 
plastic vials, whilst the other was transferred to glass 
vials. The solutions were analysed, and the results shown 
in figure 6 8 .

The solutions stored in glass show a linear curve 
with a correlation coefficient of 0.999 down to the lowest 
concentration measured of 1 ng ml’1. The solutions stored 
in the plastic vials however were not detectable below 25 
ng m l ’1.
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This experiment shows that despite the fact that the 
use of disposable plastic vials would be valuable in terms 
of ease of handling small sample volumes, and time saving 
over using non-disposable glass vials, they should not be 
used for storing trace level samples as adsorption on to 
the surface occurs and introduces unacceptably large 
errors. Even when using glassware, adsorption can often be 
significant, this can be overcome by silanizing with 
dimethyldichlorosilane followed by washing with methanol.
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5.2.6 Comparison of the Extraction from Water v s . Plasma
The next element that was investigated was the 

difference in extracting the drug and standard from plasma 
and from water. This would show how much the drug is bound 
to proteins in plasma and how efficient the method was at 
extracting the drug. 1 ml portions of water and plasma 
were spiked with chlormethiazole 50-400 ng and 50 ng 
bromethiazole. The usual extraction procedure was followed 
and the samples were analysed. The ratio of the areas of 
the chlormethiazole and bromethiazole peaks were plotted 
against the concentration of chlormethiazole. The results 
are shown in figure 69. For reasons that are not 
understood the results of this experiment show that a 
higher proportion of chlormethiazole to bromethiazole is 
extracted from the plasma, compared to water. The 
implication for the analysis of clinical samples is that 
any calibration curve used to determine the level of 
chlormethiazole in unknown plasma samples must try and 
match the sample matrix as near as possible. In practical 
terms this means spiking samples of blank plasma to use 
for the calibration curve.

5.2.7 Limit of Detection
The next aspect that was investigated was the 

sensitivity of the method. Having chosen the best 
protocols where possible and having made compromises when 
necessary, it was important to know that the method was 
sensitive enough for the expected levels of the drug.
1 ml portions of plasma were spiked with chlormethiazole
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to cover the range 0.1 - 10 ng ml-1 with 5 ng ml ”1 
internal standard. The plasma samples were extracted and 
analysed in the usual manner and the results shown in 
figure 70. The calibration curve was linear with a 
correlation coefficient of 0.996 down to 250 pg ml-1, the 
lowest level which was detectable. This level of detection 
was adequate for the purposes of analysing the expected 
levels of chlormethiazole in the clinical samples.

5.2.8 Linearity
In order to establish the linear range of the method, 

a calibration curve was prepared over a much higher 
concentration range. 1 ml portions of plasma were spiked 
with chlormethiazole to cover the range 50-400 ng ml"1 and 
internal standard at 50 ng ml-1. These were extracted in 
the usual way and the results shown in figure 71. A linear 
regression analysis on these results gave a fit factor of
0.997. By combining the results of this experiment with 
those in 5.2.7 the method was shown to be linear over the 
range of 250 pg to 400 ng ml-1. The assay may well be 
linear over a higher range but this was not investigated.
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5.2.9 Precision and Reproducibility
Having established that the method was linear over a 

wide range of concentrations the precision and 
reproducibility were investigated. The precision of the 
assay was examined by observing how two standards spiked 
at the same level and going through an identical procedure 
compared for the level of chlormethiazole measured. The 
reproducibility was examined by testing how the 
calibration curve from one day compared with that from 
another. A calibration curve for extracts from plasma was 
prepared to cover the range 50-400 ng m l -1
chlormethiazole, containing 50 ng ml*1 bromethiazole. The 
analysis was carried out in the usual way and then 
repeated after a period of 3 months using new standard 
solutions.

The results of the two experiments are shown in 
figure 72. The two lines are very nearly superimposable 
the gradients being 0.214 and 0.228 with the correlation 
coefficients being better than 0.994, showing that given 
the same conditions the analytical procedure is 
reproducible. Any errors associated with the extraction 
and work up would appear to be systematic rather than 
random and thus can largely be compensated for. To ensure 
that the extraction from plasma was also reproducible, 
samples of plasma were spiked with chlormethiazole 50-400 
ng ml*1 and bromethiazole 50 ng ml*1 and then extracted in 
the usual way. Five samples were prepared at each level in 
order to investigate the precision at each level. The 
results from this experiment are shown in figure 73.
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The deviation of replicate points is shown as error bars 
on the graph, and a linear regression performed upon the 
line gave a fit factor of 0.983.

5.2.10 Stability of Chlormethiazole in Solution
The next aspect that was investigated was the 

stability of the analyte and internal standard in 
solution. Stock solutions of chlormethiazole and 
bromethiazole of approximately 1 mg 100 m l -1 were 
prepared. These were diluted ten fold to make working 
solutions, which were then used to spike water in the 
range 50-400 ng ml*1 with the internal standard at 
50 ng ml*1. The analysis was carried out in the usual way 
and then repeated after 24 hr. using the same stock 
solutions which had been stored at 25°C during this 
period. New working solutions were prepared from the stock 
solutions. The results from this experiment are shown in 
figure 74a. The whole experiment was then repeated using 
fresh standard solutions, but this time the aqueous stock 
solutions were stored at 5°C for the 24 hr. period between 
duplicate runs. The results from this experiment are shown 
in figure 74b.

The results from figure 74a show that when the 
standard solutions were stored at room temperature, there 
was a 30-40% reduction in the ratio of the peak areas of 
chlormethiazole to bromethiazole. The results in figure 
74b also show this trend, but to a much lower extent. In 
this case the reduction in the ratio of the peak areas.
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was approximately 10%. The reduction in the ratios of peak 
areas between chlormethiazole and bromethiazole shows that 
the the two compounds have differing stabilities in 
solution. The difference was greater when the solutions 
were kept at the higher temperature, which shows that 
their stabilities are temperature dependent.

From this experiment it can be concluded that 
chlormethiazole and bromethiazole are not very stable in 
aqueous solution at these levels. Therefore for any 
analysis, fresh standard solutions should be prepared each 
day. If fresh standard solutions are used there is 
reproducibility within the method as demonstrated by the 
experiment described in 5.2.9.
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5.2.11 Estimate of Overall Efficiency
At each of the steps in any assay, some degree of 

error and loss is introduced. An estimate of the losses 
incurred and the efficiency of the overall method was made 
in the following manner. A solution of chlormethiazole in 
chloroform was prepared containing 12.5 ug m l -1. 2 ul of 
this solution, containing 25 ng, was injected onto the GC 
column. A portion of plasma was spiked at 400 ng m l -1 and 
the usual extraction procedure followed. The area of the 
peak from the extracted solution was compared with that 
from the solution of known concentration in order to 
estimate the amount of chlormethiazole in the extract in 
the following manner.

1 25 ng on column gave peak area 93700 + 10%
2 extract of plasma 400 ng m l -1 gave 78125

this is equivalent to about 20 ng in 2ul
3 volume final extract = 25 ul

therefore 250 ng total in final solution
4 250 ng in 4.5 ml out of 5 ml ether added

therefore 275 ng extracted
5 extraction efficiency 275/400*100 = 70%
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The same experiment was used to gain an idea of the 
overall efficiency of the method in the following manner.

1 250 ng in final solution
2 minimum volume for this solution = 10 ul
3 10 ul gives 25 ng ul- 1
4 2 ul injected gives 50 ng on column
5 overall efficiency 50/400*100 = 12.5%
This figure of 12.5% is an estimate of the percentage 

of the total amount of chlormethiazole present in the 
sample that is actually injected on to the GC column.
This shows that although 70% of the drug is 
extracted,only a small amount of this can be sampled) 
and that considerable losses are introduced by the 
volume of solution that can be handled.
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5.3 Analysis of Clinical Samples
The plasma samples obtained from the clinical study 

were analysed by the final method described in section 
5.4. The administration of the drug doses and the sample 
collection were carried out by a clinical team from the 
Northwick Park Hospital London, and were completely 
seperate from the analytical aspects of the study. Some 
other samples from the same group of patients, but not 
constituting part of this study were analysed initially to 
test the assay method. The results from these tests 
indicated that the drug was likely to be at a higher 
concentration than was previously expected. For this 
reason a calibration curve was produced to cover the range 
0-400 ng ml-1 as this was now the expected range of the 
samples. The results from these samples are tabulated in 
table 10.

In general the results show a correlation between the 
dose given and the level of the drug found in the patients 
plasma. Some of the experiments were incomplete as not all 
the samples were available for analysis.

In most of the patients the level of the drug in the 
plasma correlates with the dose given. That is to say that 
the levels detected after administering two active 
capsules are higher than those found after one active, or 
two placebos. The levels between one patient and another 
vary considerably. This will depend on the individual 
patients response to the drug and their state of health, 
which affects the absorption, metabolism and excretion of 
the drug. In previous studies on patients suffering from
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alcohol withdrawal symptoms,135 chlormethiazole could not 
be detected in the plasma for longer than ten hours after 
oral administration. The levels at this stage being in the 
order of 10 ng ml"1 or less. Others studies on the 
pharmacokinetics of chlormethiazole in elderly patients 
following intravenous infusion129 showed higher levels 
than for similar studies in healthy young subjects.137 
This suggests that the expected level in elderly patients 
following oral administration is also likely to be 
somewhat higher. The patients in this study may well have 
had reduced cardiac output and liver blood flow and since 
the rate of plasma clearance depends upon the metabolism 
in the liver, a further increase in plasma levels was to 
be expected. The values obtained in this study generally 
ranged from a few ng ml -1 up to about 100 ng ml-1, and in 
one case exceeded 300 ng ml"1. These were somewhat higher 
than was anticipated before the work was undertaken.
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Results of Clinical Samples 
Table 10

Patient 
N o .

Dose 
of active 
capsules

Concentration 
chlormethiazole 

ng m l -1

1 8.65
1 2 64.2

0 N/A
0 <1

2 1 14.3
2 39.7
1 N/A

4 2 96.9
0 <1
2 28.3

5 1 N/A
0 <1
0 <1

6 2 99.9
1 N/A
2 38.6

7 0 9.83
1 37.7
0 <1

8 2 3.21
1 4.39
1 5.81

9 0 <1
2 3.07
2 N/A

10 1 6.88
0 <1
2 321

11 0 N/A
1 N/A
0 3.65

12 1 31.9
2 108
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5.4 Assay Method Used for Clinical Samples
The final assay method used for the analysis of the 

clinical samples supplied by the clinicians is given 
below.

1. Apparatus
.1 10 ml glass tubes with PTFE lined caps
.2 10 ml tapered centrifuge tubes
.3 Small glass vials
.4 Suitable volumetric glassware
.5 GC-MS

2. Reagents
. 1 Na2CC>3 solid.
.2 5 M Na2C03, dissolve 2.5g N a 2C0 3 (2.1) in water 

and dilute to 50 ml with water.
.3 Bromethiazole Edisylate.
.4 Internal standard stock solution, weigh accurately 

approximately 1 mg bromethiazole edisylate (2.3) 
dissolve in water and dilute to 100 ml with water.

.5 Internal standard working solution, dilute 1 ml of 
internal standard stock solution (2.4) to 100 ml 
with water to give a solution containing 100 ng 
ml ~ 1 .

.6 Chlormethiazole Edisylate.

.7 Chlormethiazole stock solution, weigh accurately 
approximately 1 mg Chlormethiazole edisylate (2.6) 
dissolve in water and dilute to 100 ml with water.

.8 Chlormethiazole edisylate working solution, dilute
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1 ml of Chlormethiazole stock solution (2.7) to 
100 ml with water to give a final solution 
containing 100 ng m l -1.

.9 Diethyl ether, AnalaR grade

.10 Chloroform, AnalaR grade
Procedure
.1 1ml of the freshly thawed plasma sample is placed 

in a glass tube
.2 To 1ml portions of freshly thawed plasma is added 

0, 10, 50, 100, 250 and 500 ul of Chlormethiazole 
working solution (2.8) to produce a calibration 
curve to cover the range 0-50 ng m l -1.

.3 Add water to the sample and standard solutions to 
make the volume up to 2 ml.

.4 To the sample and standard tubes is then added 
0.5 ml internal standard working solution (2.5), 
0.5 ml N a 2CC>3 solution (2.2) and the solutions 
mixed.

.5 To the tubes is then added 5 ml diethyl ether
(2.9), and the tubes mixed on a vortex mixer for 2 
mins. The layers are separated by centrifuging at 
2200 r.p.m. for 5 mins.

.6 Approximately 4.5 ml of the organic layer is
transferred to a tapered glass tube. Approximately 
3 ml of the solvent is evaporated off under N 2 in 
a warm water bath.

.7 The remaining solvent is transferred
quantitatively to a small glass vial with 
washings. This combined solution is evaporated



almost to dryness and the residue taken up in 
50 ul chloroform (2.10).

4. GC-MS
.1 2 ul of the chloroform solution is injected onto a 

12 m 5% methyl silicone capillary column via a 
splitless injector at 180°C. The column is held 
at 30°C for 1 min. and then heated at 30°C min-1 
up to 200°C.

.2 The mass spectrometer is set to record m/z 112,
161 and 205.

5. Calculation of results.
.1 The areas of the peaks of m/z 112 corresponding 

to Chlormethiazole and internal standard are 
measured.

.2 The ratios of area of Chlormethiazole over
internal standard are calculated. Those for the 
standard solutions are used to produce a 
calibration curve of concentration of 
Chlormethiazole against ratio of Chlormethiazole 
area over internal standard area.
The concentration of the samples is read directly 
from the calibration curve in ng m l -1 
Chlormethiazole (expressed as the 
Edisylate).
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5 . 5 Conclusions
By examining each step in a previously published 

assay method for chlormethiazole in plasma, it was 
possible to improve the limit of detection from 1 ng m l -1 
to 250 pg ml-1. The main improvement arose from the use of 
diethyl ether as the extracting solvent rather than carbon 
disulphide. Further improvements in the limit of detection 
may have been achieved with the use of a different 
chromatography column. The choice of an alternative 
ionisation technique such as chemical ionisation may well 
lead to an improvement in signal to noise ratios at very 
low levels. The use of negative ion Cl may well also 
increase the sensitivity, but this was not investigated 
since the detector fitted to the mass spectrometer used 
was inefficient at detecting negative ions.91 
Bromethiazole, a homologue of chlormethiazole was chosen 
as the internal standard since it had an intense peak at 
m/z 112, the same as the analyte, and it was readily 
available.

The clinical samples were expected to have levels of 
chlormethiazole in the 10-50 ng ml-1 range. However on 
analysis some of the samples contained over 300 ng m l -1. 
This may reflect the lower metabolic rates in elderly 
hospitalised patients, or could be as a result of the 
design of the clinical experiment. The clinical protocols 
were determined by medical personnel and the samples were 
collected prior to any discussion and evaluation of the 
analytical procedures. All of the patients on the trial 
had been receiving the drug before the start of this
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study, and although a one week wash out period was 
allowed, this may not have been sufficient to remove all 
traces of the drug from the patients body prior to the 
study. No plasma samples from the patients prior to the 
study were available for test.
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Chapter 6 Conclusions
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6.1 Conclusions
The coupling of chromatography with mass spectrometry 

provides a very powerful analytical tool which has uses in 
many fields of research, from environmental monitoring of 
the work place environment, through the analysis of 
geological rock specimens to the analysis of biological 
fluids. The methods of interfacing the two are many and 
varied.

In chapter 3, a study was described of some of the 
parameters which affect the performance of just one type 
of LC-MS interface, namely, a thermospray interface from a 
commercial manufacturer. The temperature of the vaporiser 
tube was found to be critical if the maximum sensitivity 
for an analyte was to be achieved, and was found to be 
different for different compounds. The temperature at 
which this maximum was obtained was found to vary with 
eluent composition. As the amount of water in the eluent 
was increased, the temperature at which the maximum was 
achieved decreased. The ion current was also found to 
increase with the amount of methanol in the eluent. This 
observation contradicts the results of other groups who 
report the opposite effect.

Another important consideration in the thermospray 
source is the voltage applied to the repeller electrode. 
Increasing the voltage on the repeller was found to 
significantly alter the spectra both quantitatively, and 
qualitatively. As the voltage was increased the primary 
ions formed, were found to undergo collisionally induced 
dissociation reactions to form protonated molecular ions
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and fragment ions. The effect of this voltage was found to 
change depending upon the height at which the repeller was 
set. The repeller was found to be most effective when the 
tip was set in the middle of the ion volume. The effect of 
the shape of the repeller was investigated by constructing 
repellers of different size and shape. The conclusions 
were that changing the shape of the repeller changed the 
profile of the resulting ion currents, while changing its 
size changed the voltage at which maximum ion currents 
were obtained.

Both thermospray and fast atom bombardment mass 
spectrometry were used to study the reaction between the 
neurotoxin acrylamide, and the tripeptide glutathione. 
Direct monitoring of the reaction on the FAB probe tip was 
found to be unsuitable in this case since it was very 
difficult to maintain the reactants at the required 
temperature and pH. The reaction was monitored by sampling 
aliquots at one minute intervals, and using this technique 
the reaction could be followed at a range of temperatures. 
The reaction was confirmed as following second order 
reaction kinetics, and by the use of proton nuclear 
magnetic resonance, was shown to proceed by the mechanism 
of a base catalysed Michael addition. The use of 
thermospray was found to be more suitable than FAB for 
monitoring this reaction as it was easier to control the 
temperature and pH. Comparing the results obtained by FAB 
and TSP suggested that the rate of the reaction was 
controlled by both activation and diffusion effects. The 
rate constant calculated was in good agreement with
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previous values and offered greater precision.
A sensitive GC-MS assay was developed for the 

analysis of the drug chlormethiazole in blood plasma. 
Extraction with diethyl ether and selected ion recording 
detection following GC-MS formed the basis of this assay, 
improving the limit of detection from 1 ng m l ”1 in 
previous methods to 250 pg ml ”1. This assay was used to 
analyse clinical samples taken from elderly patients in 
studies to assess the effect of the drug on the 
suppression of spontaneous movements in bed.
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A set of data from one of the FAB experiments 
outlined in section 4.2 is shown on the following page. 
The heights of the peaks in mV were converted into the 
height in mm of the peaks in the printed spectrum. These 
values of peaks heights of m/z 308 and 379 were used as 
the basis of the calculations.

A graph of 379 */( 379 *+308) against time, which is 
equivalent to [GSACRH] is shown, and the logarithmic plot 
of this data used to calculate k 2 is also shown.

For the TSP experiments, a set of data with 
calculations is shown along with graphs of the original 
measured values of [GSH] and [ACR] against time and the 
graphs used to calculate k 2 by the three different 
methods outlined in section 4.3.
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