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Preface

The aim of this book is to provide a practical guide to the use and utility of
some of the alternative ionization and operating techniques now available in
mass spectrometry. With this in mind, Chapters 3-6 in particular are each
broadly divided into three sections—theory, practical requirements, and
applications.

Theory is, of necessity, brief in a book of this size but hopefully presents
those aspects that are most relevant for appreciation and application of each
technique. Again. detailed practical requirements will vary from instrument
to instrument but there is, nevertheless, a body of generally relevant
knowledge that this book draws on.

Each section covering applications has been supplemented as far as
possible with tabulations of references to published data in order to provide
the intending user with a starting point for assessing the utility of a particular
method. These tabulations are not completely up to date, mainly because of
the labour involved, but I hope that both they and the more general
references which follow each chapter will prove to be usetul.

[ am solely responsible for any opinions expressed within the book and for
the emphasis given to any particular aspect of the subject. For example, field
desorption, although now no longer a pre-eminent technique. is discussed at
length since much of the work that has been published regarding the
mechanisms that operate in field desorption provides invaluable background
material for an intending user of any of the ionization methods designed for
higher molecular weight, labile materials.

In conclusion, I would like to thank my wife for her assistance and
encouragement provided throughout this enterprise and acknowledge the
co-operation of copyright owners, including my employers, in allowing me to
incorporate many of their illustrations in the book.

J. R. Chapman



Contents

Chapter 1: InStrumentation: . .....c:cuvs ovvuon s sows sesumen vawe saivn s mies saien osen sn
L1  InErOduCtiONn: ::jus s s sess s suss v semvens asss s vaies sues gomy sas gas sae e
1.2 The electron impact IONISOUTCE: '..x: sas osis s sisis v v sins s simes i vres 43
1,3  MAasS ANALYSETS! i ome con wuiee s e e oo SEFES ares S08 TERT T w8 S0 R o559
1.3.1 Magnetic sector analyser ............ccooeiviiiiiiiiiiiininiiiinnn,
1.3.2 Double focusing magnetic sector analyser ........................
1.3.3 Quadrupole GNALYSEr ... s s o swss v ase v s s s wavs vosn
1.4 Ton deteCtiONSYSTEMS .. .cuissn s ums sans v v wwiss sass sis seids s awevoes ses
1.4.1 The definition and measurement of multiplier gain ...........

1.5 The definition and measurement of sensitivity
1.5.1 - Measurement of absolute sensitivity .................cocevevennes
1.5.2 Sensitivity measured as a signal-to-noise ratio ..................
1.5.3 Mass discrimination and high mass sensitivity. Standard

OPErating COMAIEIONS. ors v sommmus simies wemrs wemstminn swrs worm sl wwarssrons gorm

1.6 The definitions and measurement of resolution ..........................

1.7 Mass measurement. Reference compounds ...............ccoooeennnll.

Chapter 2: Sample Introduction ....................ooi

2.1 Sample flow and sample pressure in the mass
SPBOLEOPEIET /vy woes sues sams vom s siow cugafia vumn mamasani st $ises cd sibd v woioid e

22 GOMS INtrfaCing . s soss cues sy 05 soron sne des s anseiss vom waidwssbn sy s wavid o
2,21 The jet SePATAtOL:. «cis wmsams suin v s s sumeien somn s vat swsih ik vo
2722 Direct COUPIIE: .. wuns vies s wmisin msims Saie e dacesbid Vo bbb sale s
2.2.3 OPen SPLit COUPLNG wcuih vuno s vuihs vumc s vt v wd¥iiih stales e
2.2.4 ‘General constructional:details «.....c. vevesrsivomsciivim vt wevis

2.2.4.1 Materials and methods of interface
CONSTIUCTION . v oo oo woiniosnn v i i 608 i 9t 5,698 v
2.2.4.2, - Interface HEALINE .. ... i von cuies srsms memsinn siminn wwinn swssainis
2.2.5 Standard tests of GCMS PErfOrmMance: .....s cis veevens vews vems ne
2251 SenSitiVIty ' oo s v s soes s sos s sams seeyn vos s v
2.2.5.2 Chromatographic resolution and interface
P (1741 nool TR SR (U7 C RIS Yoy RS -
2.2.8.3 EPANESIS 1 oo vrsnes Thes sumusns cvws s erm v saien sisnse o ns
2.2.5.4 -Summary of GCMS eSS . .civuuesnsssows vorsane e —

2.3 Probe inlels. . ... oo o it oo viss s3 565 s Sy 558 SasE e Ko 93 26

2.3.1 Introduction



vi

2.3.2 Sampleheating ........coooeiuiiiiiiiiiiiii 35
2.3.3 The probe tip and sample loading ..................cooeiininnn. 36
2.3.4 Testof probe performance ..............ccoooviiiiiiiiiiiiii.. 38

2.4 Liquid chromatography-mass spectrometry (LCMS) .................. 38
Chapter 3: Chemical Ionization .......................c.ci, 46
311 INETOAWEHION, suew s sase vwns sas ssms eiwwmms s vows s s s g 43543 4 46

3.1.2 Reactions in chemical ionization .................cccveeiiinnen. 46
3.1.2.1 Protontransfer ..............cocoiiiiiiiiiiiiiiii 47

3.1.2.2 Chargeexchange ................ccc, 48

3.1.2.3 Electrophilic addition ...............ccccoiiiiiiiinn.n. 51

3.1.2.4 Anion abstraction .............ccceiiiiiiiiiiiiiiinn.. 52

3.2.1 CISOUrce CONStIUCHION .......cuvniniuiriiineninenenaneianaaaenanas 53
3.2.2 Introduction of reagent gas into the ion source ................. 54
3.2.3 Electrical breakdown in sector instruments ..................... 55
3.2.4 Effect of source temperature ..............coeoevvrviiiiininaninnns 56
3.2.5 Effect of reagent gas pressure and purity ........................ 57
3.2.6 Setting up for Cl operation .............cc.oovviiiiiiiii.. 58
3.2.7 Reference compounds for Cl operation .......................... 59

3.3 Analytical applications of CI ...............coooiiiiiiiii, 60
3.3.1 Molecular weight determination using CI ....................... 60
3.3.2 Structural and stereochemical information from CI ........... 61
3.3.3 Mixture analysisusing CI ...........c.coiiiiiiiiiiiii, 64
Chapter 4: Negative Ion Chemical Ionization .................................... 79
4.1 TOEFOAUCHION. + ures s v soms sces s 5.5 5w 975 808 07 s i & 570 S £6mA s 655 5. 79
4.2 Reactions in negative ion chemical ionization ............................ 80
4.2.1 Ionformation by electron capture ................cccoeeeveinninn. 80
4.2.2 Ionformation by ion—-molecule reactions ........................ 81
4.2.2.1 Proton STANSIET wue cume sws van soe s s sssm ames sws s wsa & 82

4.2.2.2 Chargeexchange ...........cocooiiiiiiiiiiiiiiiinnn... 83

4.2.2.3 Nucleophilic addition .....................coci. 83

4.2.2.4 Nucleophilic displacement ...........c...ccooeieiinnen. 85

4.2.3 Sensitivity under electron capture conditions ................... 85
4.3.1 Instrumentation for negative ion operation ..................... 87
4.3.2 Effect of source pressure and temperature ...................... 88
4.3.3 Setting up for NICI operation ..............cocooviiiiiiinn. 89
4.3.4 Reference compounds for negative ion operation ............. 90

4.4 Analytical applications of NICI ..., 91
Chapter 5: The Ionization of Labile Molecules ................................. 101
5.1 INtroducCtion .......c.ooieiiiiii i 101
5.1.1 Field ionization and field desorption processes ............... 101
5.1.2 DCI and ‘in-beam’ processes ..........c...cocoeeuveuuienninnennes 104



5.1.3 Energetic particle ionization processes .............c..coeeeeues
5.1.3.1 Plasma desorption mass spectrometry (PDMS) ..
5.1.3.2 Laser desorption mass spectrometry (LDMS) ....

5.1.3.3 Secondary ion mass spectrometry (SIMS) .........

5.1.3.4 Fast atom bombardment (FAB) and ion
bombardment using a liquid sample matrix .......
5.2.1 FD inStrumentation ...........cceeueeuiuiinruiineramnarnanaeaiennns
5.2.2 Emitter preparation ...........ccoooviieiniiieiinini
5.2.3 FD sample preparation ............coocoveiieiniiiiiiiniiii.
5.2.4 Modified emMitters ...........ccooiiiiiiiiiiiiiiiiii
5.2.5 FDOPeration .........cccoviuiiiiiiiiiiiiiieinieienieeeeieeaes
5.3.1 DCIinstrumentation ............cocoooiiiiuiieraiiiimneaenenenes
5.3.2 Effect of probe conditions on DCI performance .............
5.3.3 Effect of CI conditions on DCI spectrum quality ............
5.3.4 DCIOPEration .........ccooiuiiuiiiiiiniiieiiainiiieeeaes
5.4.1 FAB Instrumentation .............cccooviiiiininiionineeeaeenes
5.4.2 Sample preparation ............ooiiiiiiiii
5.4.3 TFAB OPETAtION, i sui s s sios sin voms ssin svs swive sas v vws s su
5.5 High mass reference compounds .............occooiiiiiii
5.6 Analytical applications of FD, DCland FAB ..........................
Chapter 6: Metastable Ions ....................co

6.1 INtrodUuCtion ........c.oieiiiiiiiiiiiii i
6.2.1 Metastable ions in single focusing magnetic sector

1T 8 401010 11 PP

6.2.2 Metastable ions in double focusing magnetic sector
INSEEVMIMEIIES: & vsie om sws s oo s g sviea s w0 wwiae s aiem sixs msioe o
6.2.3 Collision induced dissociation (CID) ............ccccoeiininnis

6.3 Practical implementation of metastable scanning on sector
INSTIUITIENTS oo ititttttit ettt et e et e et eaaeneaas
6.3.1 MIKE SCANNING ...ovviniiiiiiiiiiiiiiiiiiiieeeee e
6.3.2 LinkedSCANNING, uossan vwss sus csims saws s wos 5505 o s s womn s s
6.3.3 Artefact peaks in MIKE and linked scans .....................
6.4 Triple quadrupole and modified sector instruments ..................
6.5 Applications of metastable ion scanning ................ccoeiiinn
6.5.1 Mixture analysis: . .sis s sves s suss s sas s50s sass evs s vee sos vass ses
6.5.2 Structural analysis using metastable ions .......................
6.5.3 The analysis of isomers using metastable ions ................
Chapter 7: Quantitative Analysis ......................
7.1 INtrodUuCHON ....vieiniiiei e e
7.2.1  SPeCHfiCity .oouviriiiniiiii i
7.2.2  SENSILIVILY c.ovniniiiiieiii i
7.2.3  SOUTCESOEEITON ™ sus s ans s vuws sis sasen s s wiias wiaies swes awe saton » e =



viil

7.3.1 High resolution selected ion monitoring ....................... 176
7.3.2 Metastable ion moONitOring ...........ccoeoeiiiiiiiiiiiiiiinininnn, 179
7.3.3 Selected ion monitoring using other ionization conditions 183

188



Chapter 1

Instrumentation

1.1 Introduction

The first precision measurements of ionic masses and abundances were
reported in 1918-19 by F. W. Aston” and A. J. Dempster® respectively.
This work followed the pioneering demonstration of the existence of isotopic
forms of stable elements by Sir J. J. Thompson‘® using the first instrument
built for positive ray analysis. From these beginnings, using magnetic and
electrostatic fields for mass separation, steady improvements in the perform-
ance of mass analysers have been made and new forms of analyser, e.g. the
quadrupole mass filter, have been introduced. The principles of magnetic
sector and quadrupole mass analysers and of ion detection are discussed in this
chapter, following a brief description of the standard electron impact ion
source.

A considerable impetus to the development of organic mass spectrometry
has also come from advances in sample handling and in methods of ion
formation which have both enormously increased the range of samples
amenable to mass spectrometric analysis. Sample handling techniques,
particularly the combination of mass spectrometry with on-line chromatog-
raphic separation, are the subject of Chapter 2, whilst Chapters 3-5 cover
alternative ionization techniques in some detail.

The observation of the further fragmentation of ions formed in the mass
spectrometer has added another dimension to the measurement of ionic masses
and abundances and has proved to be particularly fruitful as a basis for methods
for the analysis of specific compounds in complex mixtures. The quantitative
aspects of this so-called metastable ion analysis and of other techniques are
discussed in Chapter 7 following a general survey of metastable ion analysis in
Chapter 6.

1.2 The electron impact ion source

In the electron impact (EI) source first used by Dempster, and subsequently
developed by Nier,® sample vapour at a reduced pressure flows through a

1
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Fig. 1.1 Schematic diagram of electron impact ion
source
region traversed by an electron beam. A schematic diagram of the ion source is
shown in Fig. 1.1.

Electrons formed by heating a tungsten or rhenium ribbon filament are
accelerated by a voltage of from 5 to 100 volts towards plate A (Fig. 1.1). Some
of these electrons pass through the slit in plate A and traverse the ionization
region. The ionizing beam current may be controlled by monitoring total
filament emission or, with more accuracy, by feedback control from the current
reaching the trap plate in the EI mode. A magnetic field of the order of a few
hundred gauss is maintained along the length of the electron beam to confine it
to a narrow helical path. Alternatively the beam may be confined by the use of
a focusing electrode.

Gas molecules entering the ionizing region interact with the electrons. Some
of these molecules lose an electron to become positively ionized and often
subsequently undergo fragmentation. Only about 1 in 10* of the molecules
present in the source is ionized. The ionization probability differs among
substances, but it is found that the cross-section for most molecules is a
maximum for electron energies from approximately 50 to 100 eV. A typical
plot of ion current versus electron energy is shown in Fig. 1.2. Note the
dramatic fall in sensitivity at low electron energies.

The total ion current and the fragmentation pattern both depend on the
electron energy. Fig. 1.3 shows the variation in the mass spectrum of ethyl
acetate obtained using nominal electron energies of 14, 20, and 60 eV. Most
existing compilations of electron impact mass spectra are based on spectra
recorded with approximately 70 eV electrons, since sensitivity is here close to a
maximum and fragmentation is unaffected by small changes in electron energy
about this value.

Ions formed in the ionization volume are extracted through the ion exit slit
by a small potential applied to the ion repeller plate (Fig. 1.1) and partly by
penetration of the accelerating voltage field through the ion exit slit in the case
of magnetic sector instruments.

Most electron bombardment sources are reasonably gas-tight apart from the
small electron entry hole and ion exit slit necessary for their operation, so that a
high sample pressure and consequently a high sensitivity is maintained. At the
same time, fast pumping is maintained in the source housing and analyser
regions (Fig. 2.1 and cf. section 2.1). A high pumping speed in the source
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housing reduces the sample pressure in the region of the hot filament so as to
prolong filament lifetime and minimizes the possibility of sample molecules
re-entering the ionization chamber. A high pumping speed in the analyser and
source housing regions also minimizes the possibility of unwanted ion-mole-
cule collisions, although fragmentation of ions can be deliberately induced by
ion-molecule collisions with a high pressure gas in a specially constructed
collision cell (section 6.2.3). Too high a pressure in the analyser can have a
number of other undesirable consequences, e.g. loss of sensitivity, loss of
resolution and a shortening of electron multiplier lifetime.

Despite its relative gas-tightness, the half-life for sample molecules which
are continuously pumped from the small volume of the source and attached
sample lines is only a fraction of a second. Thus the mass spectrometer as a
detector has a very rapid response, entirely compatible with the rapid changes
in sample concentration experienced in high resolution chromatography. The
effective pumping speed is, however, dramatically reduced by any cooler
surfaces which can trap less volatile materials (cf. section 2.2.4.2). Even
heating of the source block and adjacent areas is therefore essential.
Adjustment of the source block temperature by cooling as well as by heating is
a useful facility. In this connection, it should be appreciated that the heat of the
filament alone will maintain an ion source temperature of 100-150°C.

Although the electron bombardment source was the first source developed
and used in organic mass spectrometry, it is still the most popular. Several
factors contribute to its popularity. Thus, its stability, ease of operation and
control of beam intensity, lack of contamination problems, and relatively high
sensitivity are practical advantages. The lack of selectivity under electron
impact conditions is a further advantage when a wide range of compounds is to
be analysed.

Some groups of isomeric compounds give very similar mass spectra, but
generally an electron impact mass spectrum is specific and characteristic of the
chemical structure of the sample. Furthermore the major compilations of mass
spectral reference data presently available consist entirely of electron impact
spectra.

1.3 Mass analysers

Several forms of mass analyser which separate ions according to their
mass-to-charge ratio exist,” e.g. magnetic sector analysers,®” quadrupole
mass filters,**'”) time of flight analysers,®!'" and ion cyclotron resonance
instruments.'*'>!*) The first two types, which account for the great majority
of instruments used in organic analysis, are discussed in more detail in the
following sections.

1.3.1 Magnetic sector analyser ¢S P-9-13)

The principle of the single-focusing magnetic deflection mass spectrometer is
illustrated in Fig. 1.4. Ions formed in the source are accelerated through a
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Fig. 1.4 Schematic diagram of single-focusing magnetic sector instrument

voltage V (V = 2000-8000 V) towards the source slit which is at earth
potential. The fall in potential energy for the ions is equal to their gain in kinetic
energy and this is summarized in equation (1.1) where e is the charge on an
electron, z is the number of such charges on the ion, m is the mass of the ion, V
is the accelerating voltage and v is the velocity of the ion.

For an ion to reach the collector slit and be recorded, it must traverse a path
of radius of curvature r through the magnetic field of strength B. The equation
of motion of the ion (1.2) then expresses the balance between the angular
momentum and the centrifugal force caused by this field. Note that
rearrangement of Equation (1.2) in the form mv = Bzer demonstrates the fact
that a magnetic sector is a momentum analyser rather than a mass analyser as is
commonly assumed. Combining Equations (1.1) and (1.2) gives the basic
mass spectrometer Equation (1.3).

|
zeV = EmV' (1.1)
mv?/r = Bzev (1.2)
m _Bre (1.3)
z 2V
M = 4.83 x 10* (B*F/V) (1.4)

Expressed in practical units the atomic mass (M) of a singly charged ion is
given by Equation (1.4) where r is in centimetres, B is in tesla (1 tesla = 10*
gauss) and V is in volts. For example a maximum field strength of 1.5 tesla gives
a maximum mass of just over 2400 daltons for an instrument of 30 cm radius
operating with an accelerating voltage of 4000 V.

Thus, by varying either B or V, ions of different m/z ratio separated by the
magnetic field can be made to reach the collector. The most common form of
mass scan is the exponential magnet scan, downward in mass. It has the
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advantage of producing mass spectral peaks of constant width. The equations
appropriate to this form of scan are (1.5) and (1.6) where my, is the starting mass
attime =0, misthe massregistered attime ¢, £, is the peak width betweenits 5%
points, t;, is the time taken to scan one decade in mass (e.g. m/z 200 to 20, or
m/z 500 to 50) and R is the resolving power measured by the 10% valley
definition (see section 1.6).

m=mgyexp'~*) (1.5)

t,=1,/2.303R (1.6)

Scanning of the accelerating voltage V would, at first sight, appear to be
advantageous because of the ease of rapid scanning and the ease of scan control.
Change of the accelerating voltage over even a two-fold range, however, causes
defocusing and loss of sensitivity and is consequently little used as a method of
scanning.

The magnetic field may be sensed by a Hall effect probe!'® and the Hall effect
voltage induced used to provide a reliable mass indicator. In addition the Hall
voltage may be used in feedback control both to provide more reproducible
magnet scanning and to allow linked scanning, e.g. of the magnetic field and
electrostatic sector voltage, in double focusing instruments (section 6.3.2).

1.3.2 Double focusing magnetic sector analyser!¢-7-!5 pp-13-18)

Since a magnetic sector is a momentum rather than a mass analyser, ions of the
same mass but of differing translational energy are not brought to a point focusin
a single-focusing magnetic deflection instrument. The translational energy
spread of the ions formed in an electron impact source will therefore limit the
available resolution, and the existence of charging effects and contact potentials
assource contamination builds up in use causes some worsening of this situation.
Other ion sources, e.g. the field desorption source, produce ions with a much
greater translational energy spread.

The inability of a single magnetic sector instrument to provide more than a
limited resolution under practical conditions can be overcome by the addition of
an electrostatic sector (Fig. 1.5). The combination of the two sectors can then be
designed to have velocity focusing properties.

Anionentering the electrostatic field travelsin a circular path of radius R such
that the electrostatic force acting on it balances the centrifugal force. The
equation of motionisthen (1.7) where Eisthe electrostatic field strength. Hence
the radius of curvature of the ion path in the electrostatic sector is dependent
upon its energy, but not its mass.

my?
R

A narrow slit placed in the image plane of an electrostatic sector could be used
totransmit a narrow band ofionenergies. If suchanenergy filter were used as the



