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Preface to Third Edition

Following thefirst studies of J.J. Thomson (1912), mass spectrometry has undergone count-
less improvements. Since 1958, gas chromatography coupled with mass spectrometry has
revolutionized theanalysis of volatile compounds. Another revolution occurred in the 1980s
when the technique became available for the study of non-volatile compounds such as pep-
tides, oligosaccharides, phospholipids, bile salts, etc. From the discoveries of electrospray
and matrix-assisted laser desorption in the late 1980s, compounds with molecular masses
exceeding severa hundred thousands of daltons, such as synthetic polymers, proteins, gly-
cans and polynucleotides, have been analysed by mass spectrometry.

From the time of the second edition published in 2001 until now, much progress has
been achieved. Several techniques have been improved, others have almost disappeared.
New atmospheric pressure desorption ionization sources have been discovered and made
available commercially. One completely new instrument, the orbitrap, based on anew mass
analyser, has been developed and is now also available commercially. Improved accuracy
in low-mass determination, even at low resolution, improvements in sensitivity, better de-
tection limits and more efficient tandem mass spectrometry even on high-molecular-mass
compounds are some of the main achievements. We have done our best to include them is
this new edition.

Asthe techniques continue to advance, the use of mass spectrometry continues to grow.
Many new applications have been developed. The most impressive ones arise in system
biology analysis.

Starting from the very foundations of mass spectrometry, this book presents all the
important techniques developed up to today. It describes many analytical methods based
on these techniques and emphasizes their usefulness by numerous examples. The reader
will also find the necessary information for the interpretation of data. A series of graduated
exercises allows the reader to check his or her understanding of the subject. Numerous
references are given for those who wish to go deeper into some subjects. Important Internet
addresses are also provided. We hope that this new edition will prove useful to students,
teachers and researchers.

Wewould like to thank Professor Jean-L ouis Habib Jiwan and Alexander Spotefor their
friendly hospitality and competent help.

We would also like to acknowledge the financial support of the FNRS (Fonds National
de la Recherche Scientifique, Brussels).

Many colleagues and friends have read the manuscript and their comments have been
very helpful. Some of them carried out a thorough reading. They deserve special mention:

xi
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namely, Magda Claeys, Bruno Domon, Jean-Claude Tabet, and the |ate Frangois Van Hoof .
We also wish to acknowledge the remarkable work done by the scientific editors at John
Wiley & Sons.
Many useful comments have been published on thefirst two editions, or sent to the editor
or the authors. Those from Steen Ingemann were particularly detailed and constructive.
Finaly, we would like to thank the Université Catholique de Louvain, the Ludwig

Ingtitute for Cancer Research and all our colleagues and friends whose help was invaluable
to us.

Edmond de Hoffmann and Vincent Stroobant
Louvain-la-Neuve, March 2007



Introduction

Mass spectrometry’s characteristics have raised it to an outstanding position among analyti-
cal methods: unequalled sensitivity, detection limits, speed and diversity of its applications.
In analytical chemistry, the most recent applications are mostly oriented towards bio-
chemical problems, such as proteome, metabolome, high throughput in drug discovery
and metabolism, and so on. Other analytical applications are routinely applied in pollu-
tion control, food control, forensic science, natural products or process monitoring. Other
applications include atomic physics, reaction physics, reaction kinetics, geochronology,
inorganic chemical analysis, ion—-molecule reactions, determination of thermodynamic pa-
rameters (AG°s, K,, etc.), and many others.

Mass spectrometry has progressed extremely rapidly during the last decade, between
1995 and 2005. This progress has led to the advent of entirely new instruments. New
atmospheric pressure sources were developed [1-4], existing analysers were perfected and
new hybrid instruments were realized by new combinations of analysers. An analyser based
on a new concept was described: namely, the orbitrap [5] presented in Chapter 2. This has
led to the development of new applications. To give some examples, the first spectra of
an intact virus [6] and of very large non-covalent complexes were obtained. New high-
throughput mass spectrometry was developed to meet the needs of the proteomic [7, 8],
metabolomic [9] and other ‘omics’.

Principles

The first step in the mass spectrometric analysis of compounds is the production of gas-
phase ions of the compound, for example by electron ionization:

M+e~ —s Mt +2e”

This molecular ion normally undergoes fragmentations. Because it is a radical cation
with an odd number of electrons, it can fragment to give either a radical and an ion with an
even number of electrons, or a molecule and a new radical cation. We stress the important
difference between these two types of ions and the need to write them correctly:

EEY + R

EVEN ION RADICAL

|v|'+/
NoEt ¢ N

ODD ION MOLECULE

These two types of ions have different chemical properties. Each primary product ion
derived from the molecular ion can, in turn, undergo fragmentation, and so on. All these
ions are separated in the mass spectrometer according to their mass-to-charge ratio, and

Mass Spectrometry: Principles and Applications, Third Edition Edmond de Hoffmann and Vincent Stroobant
© Copyright 2007, John Wiley & Sons Ltd
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Figure 1

Mass spectrum of methanol by electron ion-
ization, presented as a graph and as a table.

are detected in proportion to their abundance. A mass spectrum of the molecule is thus
produced. It provides this result as a plot of ion abundance versus mass-to-charge ratio.
As illustrated in Figure 1, mass spectra can be presented as a bar graph or as a table. In
either presentation, the most intense peak is called the base peak and is arbitrarily assigned
the relative abundance of 100%. The abundances of all the other peaks are given their
proportionate values, as percentages of the base peak. Many existing publications label the
y axis of the mass spectrum as number of ions, ion counts or relative intensity. But the term
relative abundance is better used to refer to the number of ions in the mass spectra.

Most of the positive ions have a charge corresponding to the loss of only one electron. For
large molecules, multiply charged ions also can be obtained. lons are separated and detected
according to the mass-to-charge ratio. The total charge of the ions will be represented by
q, the electron charge by e and the number of charges of the ions by z

g=ze and e=16x10"C

The x axis of the mass spectrum that represents the mass-to-charge ratio is commonly
labelled m/z. When m is given as the relative mass and z as the charge number, both of
which are unitless, m/zis used to denote a dimensionless quantity.

Generally in mass spectrometry, the charge is indicated in multiples of the elementary
charge or charge of one electron in absolute value (1 e=1.602 177 x 10~%° C) and the mass
is indicated in atomic mass units (1 u=1.660540 x 10" kg). As already mentioned, the
physical property that is measured in mass spectrometry is the mass-to-charge ratio. When
the mass is expressed in atomic mass units (u) and the charge in elementary charge units



PRINCIPLES 3

(e) then the mass-to-charge ratio has u/e as dimensions. For simplicity, a new unit, the
Thomson, with symbol Th, has been proposed [10]. The fundamental definition for this
unit is

1Th=1u/e = 1.036426 x 10 8kgC~!

lons provide information concerning the nature and the structure of their precursor
molecule. In the spectrum of a pure compound, the molecular ion, if present, appears at the
highest value of m/z (followed by ions containing heavier isotopes) and gives the molecular
mass of the compound. The term molecular ion refers in chemistry to an ion corresponding
to a complete molecule regarding occupied valences. This molecular ion appears at m/z 32
in the spectrum of methanol, where the peak at m/z 33 is due to the presence of the 13C
isotope, with an intensity that is 1.1 % of that of the m/z 32 peak. In the same spectrum, the
peak at m/z 15 indicates the presence of a methyl group. The difference between 32 and
15, that is 17, is characteristic of the loss of a neutral mass of 17 Da by the molecular ion
and is typical of a hydroxyl group. In the same spectrum, the peak at m/z 16 could formally
correspond to ions CH4**, O or even CH3OH?*, because they all have nvz values equal
to 16 at low resolution. However, O* is unlikely to occur, and a doubly charged ion for
such a small molecule is not stable enough to be observed.

The atomic mass units u or Da have the same fundamental definition:

1u=1Da = 1.660540 x 10~?" kg + 0.59 ppm

However, they are traditionally used in different contexts: when dealing with mean isotopic
masses, as generally used in stoichiometric calculations, Da will be preferred; in mass
spectrometry, masses referring to the main isotope of each element are used and expressed
inu.

There are different ways to define and thus to calculate the mass of an atom, molecule
or ion. For stoichiometric calculations chemists use the average mass calculated using
the atomic weight, which is the weighted average of the atomic masses of the different
isotopes of each element in the molecule. In mass spectrometry, the nominal mass or the
monoisotopic mass is generally used. The nominal mass is calculated using the mass of the
predominant isotope of each element rounded to the nearest integer value that corresponds
to the mass number, also called nucleon number. But the exact masses of isotopes are not
exact whole numbers. They differ weakly from the summed mass values of their constituent
particles that are protons, neutrons and electrons. These differences, which are called the
mass defects, are equivalent to the binding energy that holds these particles together.
Consequently, every isotope has a unique and characteristic mass defect. The monoisotopic
mass, which takes into account these mass defects, is calculated by using the exact mass of
the most abundant isotope for each constituent element.

The difference between the average mass, the nominal mass and the monoisotopic mass
can amount to several Da, depending on the number of atoms and their isotopic composi-
tion. The type of mass determined by mass spectrometry depends largely on the resolution
and accuracy of the analyser. Let us consider CH3Cl as an example. Actually, chlorine
atoms are mixtures of two isotopes, whose exact masses are respectively 34.968 852 u
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and 36.965 903 u. Their relative abundances are 75.77 % and 24.23 %. The atomic weight
of chlorine atoms is the balanced average: (34.968 852 x 0.7577 + 36.965 903 x 0.2423)
=35.453Da. The average mass of CH3Cl is 12.011+ (3 x 1.00794) 4 35.453 =
50.4878 Da, whereas its monoisotopic mass is 12.000 000 + (3 x 1.007 825) + 34.968 852 =
49.992 327 u. When the mass of CH3Cl is measured with a mass spectrometer, two iso-
topic peaks will appear at their respective masses and relative abundances. Thus, two
mass-to-charge ratios will be observed with a mass spectrometer. The first peak will be
at m/z (34.968 852 + 12.000 000 + 3 x 1.007 825) =49.992 327 Th, rounded to mvz 50.
The mass-to-charge value of the second peak will be (36.96590 + 12.000000 + 3 x
1.007 825) =51.989 365 Th, rounded to mVz 52. The abundance at this latter mV/z value
is (24.23/75.77) =0.3198, or 31.98 % of that observed at myz 50. Carbon and hydrogen
also are composed of isotopes, but at much lower abundances. They are neglected for this
example.

For molecules of very high molecular weights, the differences between the different
masses can become notable. Let us consider two examples.

The first example is human insulin, a protein having the molecular formula
Co57H383Ng5077S6. The nominal mass of insulin is 5801 u using the integer mass of
the most abundant isotope of each element, such as 12u for carbon, 1u for hydro-
gen, 14u for nitrogen, 16 u for oxygen and 32u for sulfur. Its monoisotopic mass of
5803.6375 u is calculated using the exact masses of the predominant isotope of each element
such as C=12.0000u, H=1.0079u, N=14.0031u, O=15.9949u and S=31.9721u.
These values can be found in the tables of isotopes in Appendices 4A and 4B. Finally,
an average mass of 5807.6559 Da is calculated using the atomic weight for each ele-
ment, such as C=12.011Da, H=1.0078 Da, N =14.0067 Da, O =15.9994 Da and S=
32.066 Da.

The second example is illustrated in Figure 2. The masses of two alkanes hav-
ing the molecular formulae CyoHs4, and CigpoHg are calculated. For the smaller
alkane, its nominal mass is (20 x 12)+ (42 x 1) =282u, its monoisotopic mass is
(20 x 12) + (42 x 1.007 825) = 282.3287 u rounded to 282.33 and its average mass is
(20 x 12.011) + (42 x 1.007 94) = 282.5535 Da. The differences between these differ-
ent types of masses are small but are more important for the heavier alkane. In-
deed, its nominal mass is (100 x 12) + (202 x 1) = 1402 u, its monoisotopic mass is
(100 x 12) 4 (202 x 1.007 825) = 1403.5807 u rounded to 1403.58 and its average mass
is (100 x 12.011) + (202 x 1.007 94) = 1404.7039 Da.

In conclusion, the monoisotopic mass is used when it is possible experimentally to
distinguish the isotopes, whereas the average mass is used when the isotopes are not
distinguishable. The use of nominal mass is not recommended and should only be used for
low-mass compounds containing only the elements C, H, N, O and S to avoid to making
mistakes.

Diagram of a Mass Spectrometer

A mass spectrometer always contains the following elements, as illustrated in Figure 3: a
sample inlet to introduce the compound that is analysed, for example a gas chromatograph
or a direct insertion probe; an ionization source to produce ions from the sample; one or
several mass analysers to separate the various ions; a detector to ‘count’ the ions emerging
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Figure 2

Mass spectra of isotopic patterns of two alkanes having the molecular formulae C,oHy, and
Cio0Hz02, respectively. The monoisotopic mass is the lighter mass of the isotopic pattern
whereas the average mass, used by chemists in stoichiometric calculations, is the balanced
mean value of all the observed masses.

from the last analyser; and finally a data processing system that produces the mass spectrum
in a suitable form. However, some mass spectrometers combine the sample inlet and the
ionization source and others combine the mass analyser and the detector.

A mass spectrometer should always perform the following processes:

Produce ions from the sample in the ionization source.
Separate these ions according to their mass-to-charge ratio in the mass analyser.

Eventually, fragment the selected ions and analyze the fragments in a second analyser.

Ll A

Detect the ions emerging from the last analyser and measure their abundance with the
detector that converts the ions into electrical signals.

5. Process the signals from the detector that are transmitted to the computer and control
the instrument through feedback.

History

A large number of mass spectrometers have been developed according to this fundamental
scheme since Thomson’s experiments in 1897. Listed here are some highlights of this
development [11,12]:

1886: E. GOLDSTEIN discovers anode rays (positive gas-phase ions) in gas discharge
[13].

1897: J.J. THOMSON discovers the electron and determines its mass-to-charge ratio.
Nobel Prizein 1906.



1898:

1901:

1909:
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1918:

1919:

1932:
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1934:

INTRODUCTION
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Figure 3

Basic diagram for
a mass spectrometer
with two analysers
and feedback control
carried out by a data
system.

W. WIEN analyses anode rays by magnetic deflection and then establishes that
these rays carried a positive charge [14]. Nobel Prizein 1911.

W. KAUFMANN analyses cathodic rays using parallel electric and magnetic fields
[15].

R.A. MILLIKAN and H. FLETCHER determine the elementary unit of
charge.

J.J. THOMSON constructs the first mass spectrometer (then called a parabola
spectrograph) [16]. He obtains mass spectra of O,, N, CO, CO, and COCl,. He
observes negative and multiply charged ions. He discovers metastable ions. In 1913,
he discovers isotopes 20 and 22 of neon.

A.J. DEMPSTER develops the electron ionization source and the first spectrometer
with a sector-shaped magnet (180°) with direction focusing [17].

F.W. ASTON develops the first mass spectrometer with velocity focusing [18].
Nobel Prizein 1922. He measures mass defects in 1923 [19].

K.T. BAINBRIDGE proves the mass—energy equivalence postulated by Einstein
[20].

R. CONRAD applies mass spectrometry to organic chemistry [21].

W.R.SMYTHE, L.H. RUMBAUGH and S.S. WEST succeed in the first preparative
isotope separation [22].
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1940:
1942:

1945:

1948:

1949:

1952:

1952:
1958:

1955:

1956:

1956:

1957:
1958:
1966:
1967:

1968:
1968:
1969:

1972:

1973:

1974:

A.O. NIER isolates uranium-235 [23].

The Consolidated Engineering Corporation builds the first commercial instrument
dedicated to organic analysis for the Atlantic Refinery Company.

First recognition of the metastable peaks by J.A. HIPPLE and E.U. CONDON [24].

A.E. CAMERON and D.F. EGGERS publish design and mass spectra for a lin-
ear time-of-flight (LTOF) mass spectrometer [25]. W. STEPHENS proposed the
concept of this analyser in 1946 [26].

H. SOMMER, H.A. THOMAS and J.A. HIPPLE describe the first application in
mass spectrometry of ion cyclotron resonance (ICR) [27].

Theories of quasi-equilibrium (QET) [28] and RRKM [29] explain the monomolec-
ular fragmentation of ions. R.A. MARCUS receives the Nobel Prize in 1992.

E.G. JOHNSON and A.O. NIER develop double-focusing instruments [30].

W. PAUL and H.S. STEINWEDEL describe the quadrupole analyser and the ion
trap or quistor in a patent [31]. W. PAUL, H.P. REINHARD and U. Von ZAHN, of
Bonn University, describe the quadrupole spectrometer in Zeitschrift fir Physik in
1958. PAUL and DEHMELT receive the Nobel Prizein 1989 [32].

W.L. WILEY and I.H. McLAREN of Bendix Corporation make key advances in
LTOF design [33].

J. BEYNON shows the analytical usefulness of high-resolution and exact mass
determinations of the elementary composition of ions [34].

First spectrometers coupled with a gas chromatograph by FW. MCLAFFERTY [35]
and R.S. GOHLKE [36].

Kratos introduces the first commercial mass spectrometer with double focusing.
Bendix introduces the first commercial LTOF instrument.
M.S.B. MUNSON and F.H. FIELD discover chemical ionization (CI) [37].

F.W. McLAFFERTY [38] and K.R. JENNINGS [39] introduce the collision-
induced dissociation (CID) procedure.

Finnigan introduces the first commercial quadrupole mass spectrometer.
First mass spectrometers coupled with data processing units.

H.D. BECKEY demonstrates field desorption (FD) mass spectrometry of organic
molecules [40].

V.I. KARATEV, B.A. MAMYRIM and D.V. SMIKK introduce the reflectron that
corrects the kinetic energy distribution of the ions in a TOF mass spectrometer [41].

R.G. COOKS, J.H. BEYNON, R.M. CAPRIOLI and G.R. LESTER publish the
book Metastable lons, a landmark in tandem mass spectrometry [42].

E.C. HORNING, D.I. CARROLL, I. DZIDIC, K.D. HAEGELE, M.D. HORNING
and R.N. STILLWELL discover atmospheric pressure chemical ionization (APCI)
[43].
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1977:

1978:

1978:
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1981:
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1983:
1983:

1987:

1987:

1987:

1988:

INTRODUCTION

First spectrometers coupled with a high-performance liquid chromatograph by P.J.
ARPINO, M.A. BALDWIN and FW. McLAFFERTY [44].

M.D. COMISAROV and A.G. MARSHALL develop Fourier transformed ICR
(FTICR) mass spectrometry [45].

First commercial gas chromatography/mass spectrometry (GC/MS) instruments
with capillary columns.

R.D. MACFARLANE and D.F. TORGESSON introduce the plasma desorption
(PD) source [46].

R.G. COOKS and T.L. KRUGER propose the kinetic method for thermochemical
determination based on measurement of the rates of competitive fragmentations of
cluster ions [47].

R.A. YOST and C.G. ENKE build the first triple quadrupole mass spectrometer,
one of the most popular types of tandem instrument [48].

Introduction of lamellar and high-field magnets.

R.S. HOUK, V.A. FASSEL, G.D. FLESCH, A.L. GRAY and E. TAYLOR
demonstrate the potential of inductively coupled plasma (ICP) mass spectrometry
[49].

M. BARBER, R.S. BORDOLI, R.D. SEDGWICK and A.H. TYLER describe the
fast atom bombardment (FAB) source [50].

First complete spectrum of insulin (5750 Da) by FAB [51] and PD [52].

Finnigan and Sciex introduce the first commercial triple quadrupole mass spec-
trometers.

C.R. BLAKNEY and M.L. VESTAL describe the thermospray (TSP) [53].

G.C. STAFFORD, P.E. KELLY, J.E. SYKA, W.E. REYNOLDS and J.F.J. TODD
describe the development of a gas chromatography detector based on an ion trap
and commercialized by Finnigan under the name lon Trap [54].

M. GUILHAUS [55] and A.F. DODONOV [56] describe the orthogonal ac-
celeration time-of-flight (oa-TOF) mass spectrometer. The concept of this tech-
nique was initially proposed in 1964 by G.J. O’Halloran of Bendix Corporation
[57].

T. TANAKA [58] and M. KARAS, D. BACHMANN, U. BAHR and F. HIL-
LENKAMP [59] discover matrix-assisted laser desorption/ionization (MALDI).
TANAKA receives the Nobel Prize in 2002.

R.D. SMITH describes the coupling of capillary electrophoresis (CE) with mass
spectrometry [60].

J. FENN develops the electrospray (ESI) [61]. First spectra of proteins above
20000 Da. He demonstrated the electrospray’s potential as a mass spectrometric
technique for small molecules in 1984 [62]. The concept of this source was proposed
in 1968 by M. DOLE [63]. FENN receives the Nobel Prizein 2002.
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1991: V. KATTA and B.T. CHAIT [64] and B. GAMEN, Y.T. LI and J.D. HENION
[65] demonstrate that specific non-covalent complexes could be detected by mass
spectrometry.

1991: B. SPENGLER, D. KIRSCH and R. KAUFMANN obtain structural information
with reflectron TOF mass spectrometry (MALDI post-source decay) [66].

1993: R.K. JULIAN and R.G. COOKS develop broadband excitation of ions using the
stored-waveform inverse Fourier transform (SWIFT) [67].

1994: M. WILM and M. MANN describe the nanoelectrospray source (then called mi-
croelectrospray source) [68].

1999: A.A. MAKAROV describes a new type of mass analyser: the orbitrap. The orbitrap
is a high-performance ion trap using an electrostatic quadro-logarithmic field [5,69].

The progress of experimental methods and the refinements in instruments led to spectac-
ular improvements in resolution, sensitivity, mass range and accuracy. Resolution (n/sém)
developed as follows:

msm
1913 13 Thomson [16]
1918 100 Dempster [17]
1919 130 Aston [18]
1937 2000 Aston [70]
1998 8 000 000 Marshall and co-workers [71]

A continuous improvement has allowed analysis to reach detection limits at the pico-,
femto- and attomole levels [72, 73]. Furthermore, the direct coupling of chromatographic
techniques with mass spectrometry has improved these limits to the atto- and zeptomole
levels [74,75]. A sensitivity record obtained by mass spectrometry has been demonstrated by
using modified desorption/ionization on silicon DIOS method to measure concentration of a
peptide in solution. This technique has achieved a lower detection limit of 800 yoctomoles,
which corresponds to about 480 molecules [76].

Regarding the mass range, DNA ions of 108 Da were weighed by mass spectrometry
[77]. In the same way, non-covalent complexes with molecular weights up to 2.2 MDa were
measured by mass spectrometry [78]. Intact viral particles of tobacco mosaic virus with a
theoretical molecular weight of 40.5 MDa were analysed with an electrospray ionization
charge detection time-of-flight mass spectrometer [6].

The mass accuracy indicates the deviation of the instrument’s response between the
theoretical mass and the measured mass. It is usually expressed in parts per million
(ppm) or in 102 u for a given mass. The limit of accuracy in mass spectrometry is about
1ppm. The measurement of the atomic masses has reached an accuracy of better than
10~°u [79].

In another field, Litherland et al. [80] succeeded in determining a *4C/*2C ratio of
1:10'® and hence in dating a 40 000-year-old sample with a 1% error. A quantity of *4C
corresponding to only 10° atoms was able to be detected in less than 1 mg of carbon
[81].



10 INTRODUCTION

Ion Free Path

All mass spectrometers must function under high vacuum (low pressure). This is neces-
sary to allow ions to reach the detector without undergoing collisions with other gaseous
molecules. Indeed, collisions would produce a deviation of the trajectory and the ion would
lose its charge against the walls of the instrument. On the other hand, ion—-molecule colli-
sions could produce unwanted reactions and hence increase the complexity of the spectrum.
Nevertheless, we will see later that useful techniques use controlled collisions in specific
regions of a spectrometer.
According to the kinetic theory of gases, the mean free path L (in m) is given by

kT
=7

where k is the Boltzmann constant, T is the temperature (in K), pis the pressure (in Pa) and o
is the collision cross-section (in m?); o = 7 d? where d is the sum of the radii of the stationary
molecule and the colliding ion (in m). In fact, one can approximate the mean free path of
an ion under normal conditions in a mass spectrometer (k= 1.38 x 1072 JK~, T~ 300K,
o ~ 45 x 10-2 m?) using either of the following equations where L is in centimetres and
pressure p is, respectively, in pascals or milliTorrs:

L

M)

L= 2% @)
p
4,
L= 4% @3)
p

Table 1 is aconversion table for pressure units. In a mass spectrometer, the mean free path
should be at least 1 m and hence the maximum pressure should be 66 nbar. In instruments
using a high-voltage source, the pressure must be further reduced to prevent the occurrence
of discharges. In contrast, some trap-based instruments operate at higher pressure.

However, introducing a sample into a mass spectrometer requires the transfer of the
sample at atmospheric pressure into a region of high vacuum without compromising the
latter. In the same way, producing efficient ion—-molecule collisions requires the mean free
path to be reduced to around 0.1 mm, implying at least a 60 Pa pressure in a region of the

Table 1 Pressure units. The official SI unit is
the pascal.

1 pascal (Pa) = 1 newton (N) per m?

1 bar =108 dyncm=2 = 10° Pa

1 millibar (mbar) = 10~ bar = 10 Pa

1 microbar (ubar) =108 bar =10-! Pa

1 nanobar (nbar) = 10~° bar = 10~ Pa

1 atmosphere (atm) = 1.013 bar = 101 308 Pa
1Torr=1mmHg = 1.333 mbar =133.3 Pa

1 psi =1 pound per square inch =0.07 atm
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spectrometer. These large differences in pressure are controlled with the help of an efficient
pumping system using mechanical pumps in conjunction with turbomolecular, diffusion or
cryogenic pumps. The mechanical pumps allow a vacuum of about 10~ Torr to be obtained.
Once this vacuum is achieved, the operation of the other pumping systems allows a vacuum
as high as 10710 Torr to be reached.

The sample must be introduced into the ionization source so that vacuum inside the
instrument remains unchanged. Samples are often introduced without compromising the
vacuum using direct infusion or direct insertion methods. For direct infusion, a capillary is
employed to introduce the sample as a gas or a solution. For direct insertion, the sample
is placed on a probe, a plate or a target that is then inserted into the source through a
vacuum interlock. For the sources that work at atmospheric pressure and are known as
atmospheric pressure ionization (API) sources, introduction of the sample is easy because
the complicated procedure for sample introduction into the high vacuum of the mass
spectrometer is removed.
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1

Ton Sources

In the ion sources, the analysed samples are ionized prior to analysis in the mass spec-
trometer. A variety of ionization techniques are used for mass spectrometry. The most
important considerations are the internal energy transferred during the ionization process
and the physico-chemical properties of the analyte that can be ionized. Some ionization
techniques are very energetic and cause extensive fragmentation. Other techniques are
softer and only produce ions of the molecular species. Electron ionization, chemical ion-
ization and field ionization are only suitable for gas-phase ionization and thus their use is
limited to compounds sufficiently volatile and thermally stable. However, alarge number
of compounds are thermally labile or do not have sufficient vapour pressure. Molecules of
these compounds must be directly extracted from the condensed to the gas phase.

These direct ion sources exist under two types: liquid-phase ion sources and solid-state
ionsources. Inliguid-phaseion sourcestheanalyteisin solution. Thissolutionisintroduced,
by nebulization, asdropletsinto the source whereions are produced at atmospheric pressure
and focused into the mass spectrometer through some vacuum pumping stages. Electro-
spray, atmospheric pressure chemical ionization and atmospheric pressure photoionization
sources correspond to this type. In solid-state ion sources, the analyte is in an involatile
deposit. It isobtained by various preparation methodswhich frequently involvetheintroduc-
tion of amatrix that can be either asolid or aviscousfluid. Thisdepositisthenirradiated by
energetic particlesor photonsthat desorbions near the surface of the deposit. Theseionscan
be extracted by an electric field and focused towards the analyser. Matrix-assisted |aser des-
orption, secondary ion mass spectrometry, plasma desorption and field desorption sources
all usethisstrategy to produceions. Fast atom bombardment usesaninvolatileliquid matrix.

The ion sources produce ions mainly by ionizing a neutral molecule in the gas phase
through electron gjection, el ectron capture, protonation, deprotonation, adduct formation or
by thetransfer of acharged speciesfrom acondensed phase to the gas phase. |on production
often implies gas-phase ion—molecule reactions. A brief description of such reactions is
given at the end of the chapter.

1.1 Electron Ionization

Theelectronionization (El) source, formerly called electron impact, was devised by Demp-
ster and improved by Bleakney [1] and Nier [2]. It is widely used in organic mass spec-
trometry. This ionization technique works well for many gas-phase molecules but induces
extensive fragmentation so that the molecular ions are not always observed.

As shown in Figure 1.1, this source consists of a heated filament giving off electrons.
The latter are accelerated towards an anode and collide with the gaseous molecules of

Mass Spectrometry: Principles and Applications, Third Edition Edmond de Hoffmann and Vincent Stroobant
© Copyright 2007, John Wiley & Sons Ltd
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Diagram of an electron ionization source.

the analysed sampleinjected into the source. Gases and samples with high vapour pressure
areintroduced directly into the source. Liquids and solids are usually heated to increase the
vapour pressure for analysis.

Each electron is associated to a wave whose wavelength A is given by

A= —
mv

where miis its mass, v its velocity and h Planck’s constant. This wavelength is 2.7 A for
akinetic energy of 20eV and 1.4A for 70eV. When this wavel ength is close to the bond
lengths, the wave is disturbed and becomes complex. If one of the frequencies has an
energy hv corresponding to a transition in the molecule, an energy transfer that leads to
various electronic excitations can occur [3]. When there is enough energy, an electron can
be expelled. The electrons do not ‘impact’ molecules. For this reason, it is recommended
that the term electron impact must be avoided.

Figure 1.2 displays a typical curve of the number of ions produced by a given electron
current, at constant pressure of the sample, when the acceleration potential of the electrons
(or their kinetic energy) isvaried [4]. At low potentialsthe energy islower than the molecule
ionization energy. At high potentials, the wavelength becomes very small and molecules
become ‘transparent’ to these electrons. In the case of organic molecules, awide maximum
appearsaround 70 eV. At thislevel, small changesin the el ectron energy do not significantly
affect the pattern of the spectrum.

On average, oneionis produced for every 1000 molecul es entering the source under the
usua spectrometer conditions, at 70 eV. Furthermore, between 10 and 20eV istransferred
to the molecules during the ionization process. Since approximately 10eV is enough to
ionize most organic molecules, the excess energy leads to extensive fragmentation. This
fragmentation can be useful because it provides structural information for the elucidation
of unknown analytes.

At a given acceleration potential and at constant temperature, the number of ions |
produced per unit timein avolumeV islinked to the pressure p and to the electron current
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Number of ions produced as a function of the

electron energy. A wide maximum appears around
70eV.

i through the following equation, where N is a constant proportionality coefficient:

This equation shows that the sample pressure is directly correlated with the resulting
ionic current. This allows such a source to be used in quantitative measurements.

Figure 1.3 displays two EI spectra of the same 3-lactam compound, obtained at 70 and
15eV. Obvioudly, at lower energy thereisless fragmentation. At first glance, the molecular
ion is better detected at low energy. However, the absolute intensity, in arbitrary units,
proportional to the number of detected ions, isactually lower: about 250 unitsat 70€V and
150 units at 15eV. Thus, the increase in relative intensity, due to the lower fragmentation,
isillusory. Actualy, there is a general loss of intensity due to the decrease in ionization
efficiency at lower electron energy. This will generally be the rule, so that the method is
not very useful for better detection of the molecular ion. However, the lowering of the
ionization voltage may favour some fragmentation processes.

A modification implies desorbing the sample from a heated rhenium filament near the
electronic beam. This method is called desorption electron ionization (DEI).

Under conventional electron ionization conditions, the formation of negative ions is
inefficient compared with the formation of positiveions.

1.2 Chemical Ionization

Electron ionization leads to fragmentation of the molecular ion, which sometimes prevents
its detection. Chemical ionization (Cl) is atechnique that produces ions with little excess
energy. Thus this technique presents the advantage of yielding a spectrum with less frag-
mentation in which the molecular species is easily recognized. Consequently, chemical
ionization is complementary to electron ionization.
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Two spectra of B-lactam. While the relative intensity of the
molecular ion peak is greater at lower ionization energy,
its absolute intensity, as read from the left-hand scale, is
actually somewhat reduced.

Chemical ionization [5] consists of producing ions through a collision of the molecule
to be analysed with primary ions present in the source. lon—molecule collisions will thus
be induced in a definite part of the source. In order to do so, the loca pressure has to
be sufficient to allow for frequent collisions. We saw that the mean free path could be
calculated from Equation 1 (see the Introduction). At a pressure of approximately 60 Pa,
the free path is about 0.1 mm. The sourceis then devised so asto maintain alocal pressure
of that magnitude. A solution consists of introducing into the source asmall box about 1 cm
aongitssideasisshown in Figure 1.4.

Two lateral holes alow for the crossing of electrons and another hole at the bottom
alows the product ions to pass through. Moreover, there is areagent gasinput tube and an
opening for the sample intake. The sample is introduced by means of a probe which will
close the opening.

This probe carries the sample within a hollow or contains the end part of a capillary
coming from a chromatograph or carries a filament on which the sample was deposited.
In the last case, we talk about desorption chemical ionization (DCI). The pumping speed
is sufficient to maintain a 60 Pa pressure within the box. Outside, the usual pressurein a
source, about 10~3 Pa, will be maintained.

Inside the box, the sample pressure will amount to a small fraction of the reagent
gas pressure. Thus, an electron entering the box will preferentially ionize the reagent gas
molecul es through electron ionization. The resulting ion will then mostly collide with other
reagent gasmol ecul es, thus creating an ionization plasmathrough aseries of reactions. Both
positive and negative ions of the substance to be analysed will be formed by chemical reac-
tions with ionsin this plasma. This causes proton transfer reactions, hydride abstractions,
adduct formations, charge transfers, and so on.

This plasmawill also contain low-energy electrons, called thermal electrons. These are
either electronsthat were used for thefirst ionization and later slowed, or electrons produced
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Figure 1.4

Combined EI and CI source. Lowering
the box 10 switches from the EI to CI
mode. (1) EI/CI switch; in EI mode, the
box serves as a pusher; (2) microswitch;
(3) entrance for the reagent gas; (4) flex-
ible capillary carrying the reagent gas;
(5) diaphragm; (6) filament giving off
electrons; (7) path of the ions towards
the analyser inlet; (8) hole for the ion-
izing electrons in CI mode; (9) sample in-
let; (10) box with holes, also named ‘ion
volume’. From Finnigan MAT 44S docu-
mentation. Reprinted, with permission.

by ionization reactions. These slow electrons may be associated with molecules, thereby
yielding negative ions by electron capture.

lons produced from a molecule by the abstraction of a proton or a hydride, or the
addition of a proton or of another ion, are termed ions of the molecular species or, less
often, pseudomolecular ions. They allow the determination of the molecular mass of the
molecules in the sample. The term molecular ionsrefersto M*+ or M*~ ions.

1.2.1 Proton Transfer

Among the wide variety of possible ionization reactions, the most common is proton trans-
fer. Indeed, when analyte molecules M are introduced in the ionization plasma, the reagent
gas ions GH™ can often transfer a proton to the molecules M and produce protonated
molecular ions MH*. This chemical ionization reaction can be described as an acid-base
reaction, the reagent gas ions GH* and the analyte molecules being Bronsted acid (pro-
ton donor) and Bronsted base (proton acceptor) respectively. The tendency for a reagent
ion GH* to protonate a particular analyte molecule M may be assessed from its proton
affinity values. The proton affinity (PA) isthe negative enthal py change for the protonation
reaction (see Appendix 6). The observation of protonated molecular ions MH™* implies
that the analyte molecule M has a proton affinity much higher than that of the reagent gas
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EI (top), methane CI (middle) and isobutane CI (bottom)
mass spectra of butyl methacrylate. The ionization tech-
niques (EI vs CI) and the reagent gases (methane vs isobu-
tane) influence the amount of fragmentation and the
prominence of the protonated molecular ions detected
at 143 Th.

(PA(M) > PA(G)). If thereagent gas hasaproton affinity much higher than that of an analyte
(PA(G) > PA(M)), proton transfer from GH™ to M will be energetically too unfavourable.

The selectivity in the types of compound that can be protonated and the internal energy
of the resulting protonated molecular ion depends on the relative proton affinities of
the reagent gas and the analyte. From the thermalizing collisions, this energy depends
also on the ion source temperature and pressure. The energetics of the proton transfer
can be controlled by using different reagent gases. The most common reagent gases are
methane (PA = 5.7 eV), isobutane (PA = 8.5eV) and ammonia (PA =9.0€V). Not only are
isobutane and ammonia more selective, but protonation of a compound by these reagent
gases is considerably less exothermic than protonation by methane. Thus, fragmentation
may occur with methane while with isobutane or ammonia the spectrum often presents
solely a protonated molecular ion.

The differences between EI and ClI spectra are clearly illustrated in Figure 1.5. Indeed,
the EI spectrum of butyl methacrylate displays a very low molecular ion at m/z 142. In
contrast, its Cl spectra exhibit the protonated molecular ion at m/z 143, and very few
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fragmentations. This example shows also the control of the fragmentation degree in CI by
changing the reagent gas. M ethane and i sobutane Cl mass spectraof butyl methacrylate give
the protonated molecular ions, but the degree of fragmentation is different. With isobutane,
the base pesk is the protonated molecular ion at m/z 143, whereas with methane the base
peak isafragment ion at m/z 87.

1.2.2 Adduct Formation

In ClI plasma, all the ions are liable to associate with polar molecules to form adducts, a
kind of gas-phase solvation. The processisfavoured by the possible formation of hydrogen
bonds. For the adduct to be stable, the excess energy must be eliminated, a process which
requiresacollision with athird partner. The reaction rate equation observed intheformation
of these adducts is indeed third order. lons resulting from the association of areagent gas
molecule G with aprotonated molecularion MH™ or with afragmention F*, of aprotonated
molecular ion MH* with aneutral molecule, and so on, are often found in CI spectra. Every
ion in the plasma may become associated with either a sample molecule or a reagent gas
molecule. Some of these ions are useful in the confirmation of the molecular mass, such as

MH* +M —> (2M + H)*
Fr+M — (F+M)*

These associations are often useful to identify a mixture or to determine the molecular
masses of the constituents of the mixture. In fact, a mixture of two species M and N can
give rise to associations such as (MH + N)*, (F+ N)™ with (F+ M)™, and so on. Adducts
resulting from neutral species obtained by neutralization of fragments, or by a neutral loss
during a fragmentation, are always at much too low concentrations to be observed.

It is always useful to examine the peaks appearing beyond the ions of the molecular
species of a substance thought to be pure. If some peaks cannot be explained by reasonable
associations, a mixture must be suspected.

Figure 1.6 shows an example of Cl spectra for a pure sample and for a mixture. When
interpreting the results, one must always keep in mind that a mixture that is observed
may result from the presence of several constituents before the vaporization or from their
formation after the vaporization.

The first spectrum contains the peaks of various adducts of the molecular ion of a pure
compound. The second spectrum is that of a substance that is initially pure, as shown by
other analysis, but appears as amixture in the gas phase as it loses either hydrogen cyanide
or water.

1.2.3 Charge-Transfer Chemical Ionization
Rare gases, nitrogen, carbon monoxide and other gases with high ionization potentia react

by charge exchange:
Xe+e — Xe't +2e”

Xet + M — M*t + Xe

A radical cationisobtained, asin El, but with asmaller energy content. Less fragmentation
is thus observed. In practice, these gases are not used very often.
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Two examples of chemical ionization (isobutane) spectra. The top
spectrum is that of a pure compound. The bottom spectrum is that
of a mixture of two compounds with masses 261 and 270. They
correspond respectively to the loss of hydrogen cyanide and water.

1.2.4 Reagent Gas
1.2.4.1 Methane as Reagent Gas

If methane is introduced into the ion volume through the tube, the primary reaction with
the electrons will be aclassical El reaction:

CH; +€ — CH4‘Jr + 2e~
Thision will fragment, mainly through the following reactions:

CH4.+ —> CH3+ + H*
CH4'+ — CHz'Jr + H,

However, mostly, it will collide and react with other methane molecules yielding
CH4.+ + CH; — CH5+ + CH3*
Other ion—molecul e reactions with methane will occur in the plasma, such as

CH3Jr +CH; — C2H5+ +Hy
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Spectrum of methane ionization plasma at
20 Pa. The relative intensities depend on the
pressure in the source.

A C3Hs™ ionisformed by the following successive reactions:

CHp** 4 CHy —> CoH3™ +Hp + H*

C2H3+ +CH; — C3H5+ + H>
The relative abundance of all these ions will depend on the pressure. Figure 1.7 shows the
spectrum of the plasma obtained at 200 pbar (20 Pa). Taking CHs™, the most abundant ion,
as areference (100 %), CoHs* amounts to 83 % and C3Hs™ to 14 %.

Unlessit is a saturated hydrocarbon, the sample will mostly react by acquiring a proton
in an acid—base type of reaction with one of the plasmaions, for example

M -|-CH5Jr —> MH™ + CH,4

A systematic study showed that the main ionizing reactions of molecules containing het-
eroatoms occurred through acid-base reactions with CoHs™ and CsHs™. If, however, the
sampleisasaturated hydrocarbon RH, theionization reaction will be ahydride abstraction:

RH + CHs* —> R* + CHy + H,

Moreover, ion—molecule adduct formation is observed in the case of polar molecules, a
type of gas-phase solvation, for example

M + CHzt — M + CH3)+

The ions (MH)*, Rt and (M 4+ CH3)"™ and other adducts of ions with the molecule are
termed molecular speciesor, lessoften, pseudomolecular ions. They allow the determination
of the molecular mass of the moleculesin the sample.

1.2.4.2 Isobutane as Reagent Gas

I sobutane | oses an el ectron upon El and yields the corresponding radical cation, which will
fragment mainly through the loss of a hydrogen radical to yield at-butyl cation, and to a
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Figure 1.8
Spectrum of the isobutane plasma under
chemical ionization conditions at 200 ubar.

lesser extent through the loss of a methyl radical:

.+
CH CHa
CHy=C—H + e CHy=C—H + 2e°
CH3 CHs
.t CH3

|
I Tt .
CHy—C-H 7 CHCT 4 H
+
CHy—C—H + CH3
CH3

Anion with mass 39 Dais a so observed inits spectrum (Figure 1.8) which corresponds
to C3Hs™. Neither its formation mechanism nor its structure are known, but it is possible
that it is the aromatic cyclopropenium ion.

Here again, the plasmaions will mainly react through proton transfer to the sample, but
polar molecules will also form adducts with the t-butyl ions (M +57)" and with C3H3™,
yielding (M + 39)* among others.

This isobutane plasma will be very inefficient in ionizing hydrocarbons because the
t-butyl cation isrelatively stable. This characteristic allowsitsusein order to detect specif-
ically various substances in mixtures containing also hydrocarbons.

1.2.4.3 Ammonia as Reagent Gas

Theradical cation generated by El reactswith an ammoniamol eculeto yield theammonium
ion and the NH»* radical:

NH3.+ + NH3z — NH4+ + NH2.

An ion with mass 35Dais observed in the plasma (Figure 1.9) which results from the
association of an ammonium ion and an ammonia molecule:

NH4Jr + NH3 —> (NH4 + NH3)Jr
This adduct represents 15 % of the intensity of the ammonium ion at 200 pbar.
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Figure 1.9
Spectrum of an ammonia ionization plasma at
200 pbar.

In this gas, the ionization mode will depend on the nature of the sample. The basic
molecules, mostly amines, will ionize through a proton transfer:

RNH, + NHst — RNH3" + NH3

Polar moleculesand those ableto form hydrogen bondswhile presenting no or little basic
character will form adducts. Inintermediate cases, two pseudomolecular ions (M + 1) and
(M + 18)™ will be observed. Compounds that do not correspond to the criterialisted above,
for example saturated hydrocarbons, will not be efficiently ionized. Alkanes, aromatics,
ethers and nitrogen compounds other than amines will not be greatly ionized. Comparing
spectrameasured with various reagent gases will thus be very instructive. For example, the
detection, in the presence of awealth of saturated hydrocarbons, of afew compoundsliable
to beionized is possible, as shown in Figure 1.10.

1.2.5 Negative lon Formation

Almost all neutral substances are able to yield positive ions, whereas negative ions require
the presence of acidic groups or electronegative elements to produce them. This allows
some selectivity for their detection in mixtures. Negative ions can be produced by capture
of thermal electrons by the analyte molecule or by ion—molecul e reactions between analyte
and ions present in the reagent plasma.

All ClI plasmas contain electrons with low energies, issued either directly from the
filament but deactivated through collisions, or mostly from primary ionization reactions,
which produce two low-energy electrons through the ionization reaction. The interaction of
electronswith mol ecul esleadsto negativeion production by three different mechanisms [5]:

AB + e —> AB*" (associativeresonancecapture)
AB + e — A®* 4+ B~ (dissociativeresonancecapture)
AB+e — A* 4+ B~ +e (ionpairproduction)

These electrons can be captured by amolecule. The process can be associative or disso-
ciative. The associative resonance capture that |eads to the formation of negative molecular
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GC/MS TIC traces of butyl methacrylate dissolved in C11-C12 saturated
hydrocarbon. (a) EL. The peak corresponding to butyl methacrylate is
marked by a dot. The peaks following are C11 saturated hydrocarbons.
(b) Same trace obtained by CI usig methane as reagent gas. Butyl methacry-
late (dot) is still well detected, but the trace of the hydrocarbons is aten-
uated. (c) CI using isobutane as reagent gas. Butyl methacrylate is well
detected, while the hydrocarbons are almost not detected.

ions needs electronsin the energy range 0-2 €V, whereas the di ssoci ative resonance capture
is observed with electrons of 0-15€eV and leads to the formation of negative fragment
ions.

The associative resonance capture is favoured for molecules with several electroneg-
ative atoms or with possibilities to stabilize ions by resonance. The energy to remove
an electron from the molecular anion by autodetachment is generally very low. Conse-
quently, any excess of energy from the negative molecular ion as it is formed must be
removed by collision. Thus, in ClI conditions, the reagent gas serves not only for producing
thermal electrons but also as a source of molecules for collisions to stabilize the formed
ions.

lon pair production is observed with a wide range of electron energies above 15eV.
It is principally this process that leads to negative ion production under conventional El
conditions. lon pair production forms structurally insignificant very low-mass ions with a
sensitivity that is 34 orders of magnitude lower than that for positive ion production.

The need to detect tetrachlorodioxins with high sensitivity has contributed to the devel-
opment of negative ion Cl. In some cases, the detection sensitivity with electron capture is
better than with positive ions. It can be explained by the high mobility of the electron that
ensuresagreater rate of electron attachment than the rate of ion formation involving transfer
of amuch larger particle. However, electron capture is very dependent on the experimental
conditions and thus can be irreproducible.

Note the different behaviours that the electron can adopt towards the molecules. Elec-
trons at thermal equilibrium, that is those whose kinetic energy is less than about 1eV
(1eV =98kJmol~1), can be captured by molecules and yield negative radical anions.
Those whose energy lies between 1 and a few hundred electronvolts behave as awave and
transfer energy to molecules, without any ‘collisions'. Finally, molecules will be ‘ transpar-
ent’ to the electrons with higher energies: here we enter the field of electron microscopy.
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As already discussed, negative ions can also be formed through ion—-molecule reactions
with one of the plasma ions. These reactions can be an acid—base reaction or an addition
reaction through adduct formation.

Themixture, CH4—N,0 75:25, isvery useful because of thefoll owing reactionsinvolving
low-energy electrons:

N,O + e — N,O*~
N,O*~ — N, + O°*~
O*~ + CH; — CH3* + OH™
This plasma aso contains other ions. The advantage derives from the simultaneous
presence of thermal electrons, alowing the capture of electrons, and of abasic ion, OH™,
which reacts with acidic compounds in the most classical acid—base reaction. Because of
the presence of the methane, the same mixture is also suitable for positive ion production.
The energy baance for the formation of negative ions appears as in the following
example (PhOH = phenal) [6]:
H* + OH™ — H,0 AH° = —1634.7 kImol *
PhOh — PhO~ + H* AH® = 4145 kJmol ~*

PhOH + OH™ — PhO~ +H,O0  AH®° = —178.7kJmol*!

The exothermicity of the reaction isthe result of the formation of H,O, which is neutral
and carries off the excess energy. The product anion will be ‘cold’.
However, during a positive ionization, the following will occur:
CHst —> CH, + H*T AH° = +543.5kJmol !
(CoHs)2S+ HY — (CyHs),SHT AH° = —856.7 kJmol 1

CHs* + (CHs)2,S —> (CoHs),SHT +CH,  AH° = —313.2kJmol 1

In this case, the exothermicity comes mainly from the association of the proton with
the molecule to beionized. The resulting cation will contain an appreciable level of excess
energy.

1.2.6 Desorption Chemical Ionization

Baldwin and McL afferty [ 7] noticed that introducing asampledirectly into the Cl plasmaon
aglassor ametal support allowed the temperature for the observation of the mass spectrum
to be reduced, sometimes by as much as 150 °C. This preventsthe pyrolysis of non-volatile
samples. A drop of the sample in solution is applied on a rhenium or tungsten wire. The
solvent is then evaporated and the probe introduced into the mass spectrometer source.
The sample is desorbed by rapidly heating the filament by passing a controllable electric
current through the wire. Theion formation from these compounds sometimeslast for only
avery short time, and theions of the mol ecul ar species are observed for only afew seconds.
The spectrum appearance generally varies with the temperature. Figure 1.11 displays the
spectrum of mannitol obtained by the desorption chemical ionization (DCI) technique.
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DCI spectrum of mannitol, a non-volatile compound, with H, O as an reagent
gas. Note that water yields radical cation adducts (M + H,O)**.

The observed spectrum probably results from the superposition of several phenomena:
evaporation of the sample with rapid ionization, direct ionization on the surface of the
filament, direct ion desorption and, at higher temperature, pyrolysisfollowed by ionization.

Generally, the molecular species ion is clearly detected in the case of non-volatile
compounds. The method can be useful, for example, for tetrasaccharides, small peptides,
nucleic acids and other organic salts, which can be detected in either the positive or negative
ion mode.

1.3 Field Ionization

Field ionization (FI) is a method that uses very strong electric fields to produce ions from
gas-phase molecules. Its use as a soft ionization method in organic mass spectrometry is
principally due to Beckey [8]. Like El or CI, Fl is only suitable for gas-phase ionization.
Therefore, the sample is introduced into the FI source by the same techniques that are
commonly used in El and Cl sources, for example using a direct probe that can be heated
or the eluent from a gas chromatograph.

The intense electric fields used in this ionization method are generally produced by a
potential difference of 8-12kV that is applied between a filament called the emitter and
a counter-electrode that is a few millimetres distant. Sample molecules in the gas phase
approach the surface of the emitter that is held at high positive potential. If the electric field
at the surface is sufficiently intense, that is if its strength reaches about 10’108V cm™2,
one of the electrons from the sample molecule is transferred to the emitter by quantum
tunnelling, resulting in the formation of aradical cation M**. Thision is repelled by the
emitter and flies towards the negative counter-electrode. A hole in the counter-electrode
alows the ion to pass into the mass analyser compartment. In order to achieve the high
electricfield necessary for ionization, theemitter constituted of tungsten or rhenium filament
is covered with thousands of carbon microneedles on its surface. It is at the tips of these
microneedles that the electric field strength reaches its maximum. FI leads to the formation
of M** and/or MH™ ions depending on the analyte. The formation of protonated molecular
species results from ion—molecule reactions that can occur between the initial ion and the
sample molecules close to the surface of the emitter. It is not unusual to observe both M* ™
and MHT in the FI spectrum.
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Comparison of EI (top) and FI (bottom) spectra of methyl stearate. Field ionization
yields simple spectrum that shows intense molecular ion detected at m/z 298 with-
out fragmentation. Reproduced, with permission from Micromass documentation.

The energy transferred in the Fl process corresponds to a fraction of 1 electronvolt. So,
thisionization source generates ions with an extremely low excess of interna energy thus
exhibiting no fragmentation, as shown in Figure 1.12. As the internal energy of the ions
is much lower than that resulting in El and CI processes, Fl is one of the softest methods
to produce ions from organic molecules. However, therma decomposition of the analyte
can occur during its evaporation prior to ionization. Therefore, FI allows molecular species
to be easily recognized only for compounds sufficiently volatile and thermally stable. For
instance, Fl has proven to beamethod of choicefor the analysisof highly complex mixtures
such asfossil fuels. Generally, Fl is complementary to El and Cl. It is used when El and Cl
fail to giveions of the molecular species, although it isnot as sensitive. Indeed, this process
has very low ionization efficiency.

1.4 Fast Atom Bombardment and Liquid Secondary Ion
Mass Spectrometry
Secondary ion mass spectrometry (SIMS) analyses the secondary ions emitted when a

surface is irradiated with an energetic primary ion beam [9, 10]. lon sources with very
low-current primary ion beams are called static sources because they do not damage the
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surface of the sample, as opposed to dynamic sources that produce surface erosion. Static
SIMS causes less damage to any molecules on the surface than dynamic SIMS and gives
spectra that can be similar to those obtained by plasma desorption [11]. This technique
is mostly used with solids and is especially useful to study conducting surfaces. High-
resolution chemical maps are produced by scanning atightly focused ionizing beam across
the surface.

Fast atom bombardment (FAB) [12] and liquid secondary ion mass spectrometry
(LSIMS) [13] are techniques that consist of focusing on the sample a high primary cur-
rent beam of neutral atoms/molecules or ions, respectively. Essential features of these
two ionization techniques are that the sample must be dissolved in a non-volatile liquid
matriX. In practice, glycerol is most often used, while m-nitrobenzylic alcohol (MNBA) is
a good liquid matrix for non-polar compounds, and di- and triethanolamine are efficient,
owing to their basicity, in producing negative ions. Thioglycerol and a eutectic mixture of
dithiothreitol and dithioerythritol (5:1 w/w), referred to as magic bullet, are alternatives to
glycerol.

Thesetechniques use current beamsthat arein dynamic SIM Shigh enough to damagethe
surface. But they produce ions from the surface, asin static SIM'S, because convection and
diffusion inside the matrix continuously create afresh layer from the surface for producing
new ions. The energetic particles hit the sample solution, inducing a shock wave which
gjects ions and molecules from the solution. lons are accel erated by a potential difference
towards the analyser. These techniques induce little or no ionization. They generally eject
into the gas phase ions that were already present in the solution.

Under these conditions, both ion and neutral bombardment are practical techniques. The
neutral atom beam at about 5keV is obtained by ionizing a compound, most often argon,
sometimes xenon. lons are accel erated and focused towards the compound to be analysed
under several kilovolts. They then go through a collision cell where they are neutralized
by charge exchange between atoms and ions. Their momentum is sufficient to maintain
the focusing. The remaining ions are then eliminated from the beam as it passes between
electrodes. A diagram of such asourceisshownin Figure 1.13. Thereaction may bewritten
asfollows:

Ar** (rapid) + Algow) —> Ar*" gow) + Alrapid)

Using a ‘caesium gun’, one produces a beam of Cs" ions at about 30keV. It is
claimed to give better sensitivity than a neutral atom beam for high molecular weights.
However, the advantage of using neutral molecules instead of ions lies in the avoidance of
an accumulation of charges in the non-conducting samples.

This method is very efficient for producing ions from polar compounds with high
molecular weights. lons up to 10000 Da and above can be observed, such as peptides and
nuclectides. Moreover, it often produces ion beams that can be maintained during long
periods of time, sometimes several tens of minutes, which allows several types of analysis
to be carried out. This advantage is especially appreciated in measurements using multiple
analysers (MS/MS). Other desorption techniques, such as DCI or field desorption (FD) (see
later), generally giveriseto transient signals, lasting only afew seconds at most. However,
FAB or LSIMS requires a matrix such as glycerol, whose ions make the spectrum more
complex. DCI and FD do not impose this inconvenience.
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Figure 1.13

Diagram of an FAB gun. 1, lonization of argon; the re-
sulting ions are accelerated and focused by the lenses 2.
In 3, the argon ions exchange their charge with neutral
atoms, thus becoming rapid neutral atoms. As the beam
path passes between the electrodes 4, all ionic species are
deflected. Only rapid neutral atoms reach the sample dis-
solved in a drop of glycerol, 5. The ions ejected from the
drop are accelerated by the pusher, 6, and focused by the
electrodes, 7, towards the analyser, 8.

Figure 1.14 displays an example of FABMS and MS/MS applied to the detection of
peptides in a mixture and the sequence determination of one of them.

1.5 Field Desorption

The introduction of field desorption (FD) as a method for the analysis of non-volatile
moleculesis principaly due to Beckey [14].

Based on Fl, already described, FD has been devel oped asthefirst method that combines
desorption and ionization of theanalyte. Thereisno need for evaporation of theanalyte prior
to ionization. Consequently, FD is particularly suitable for analysing high-molecul ar-mass
and/or thermally labile compounds.

In FD, the sample is deposited, through evaporation of a solution also containing a
sdlt, on a tungsten or rhenium filament covered with carbon microneedles. A potential
difference is set between this filament and an electrode so as to obtain a field that can
go up to 108V cm~1. The filament is heated until the sample melts. The ions migrate
and accumul ate at the tip of the needles, where they end up being desorbed, carrying along
mol ecul es of the sample. | onization occursin the condensed phase or near the surface of the
filament by interaction with the high electric field according to the same mechanism as Fl.
FD producesions of extremely low internal energy thus exhibiting almost no fragmentation
and an abundant molecular species.

The technique is demanding and requires an experienced operator. It has now been
largely replaced by other desorption techniques. However, it remains an excellent method
to ionize high-molecular-mass non-polar compounds such as polymers.



32

1 ION SOURCES

100 7
%

80 1

60 7

700

x20

717.5

T
x100

1300

100

%

80 7

60

40 1

20 7

30
58
75

101

146

841
815
798

770 | 657
744" 631
727 614

229

| |
214 311 442 565 670
129- 242- 339 470 (583 | 698
259 [ 366 | 487 |600 | 715

GlytAla-LeutPro

MettlletAsp-Arg

560 |429| 316 201
534 -403- 290 -175
517 386 273 158

[M+H] 872 1

Pro-Met-lle-Asp
457

Pro-Met-lle
Pro-Met 342

229

386

Pro-Met-lle-Asp-Arg
470 614

631

442
L
400

2 l‘ 273

? doiu Lol .]1

Lot ]

R

800

200 mlz
Figure 1.14

Top: FAB mass spectrum of a mixture of five peptides. The m/z of
the protonated molecular ion (M + H)* of each of them is observed.
Bottom: product ion tandem mass spectrum of the (M + H)* ion with
mjz 872, giving the sequence of this peptide alone. The values within
the frame are the masses of the various possible fragments for the
indicated sequence.

1.6 Plasma Desorption

Plasmadesorption (PD) wasintroduced by Mcfarlane and Torgesson [15]. In thisionization
technique, the sample deposited on a small aluminized nylon foil is exposed in the source
to the fission fragments of 25°Cf, having an energy of several mega-electronvolts.
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The shock waves resulting from abombardment of afew thousand fragments per second
induce the desorption of neutrals and ions. This technique has allowed the observation of
ions above 10000 Da [16]. However, nowadays it is of limited use and has been replaced
mainly by matrix-assisted laser desorption ionization.

1.7 Laser Desorption

Laser desorption (LD) is an efficient method for producing gaseous ions. Generaly,
laser pulses yielding from 10° to 10° W cm~2 are focused on a sample surface of about
10-3-10~* cm?, most often a solid. These laser pulses ablate material from the surface,
and create a microplasma of ions and neutral molecules which may react among them-
selves in the dense vapour phase near the sample surface. The laser pulse realizes both the
vaporization and the ionization of the sample.

Thistechniqueisused inthe study of surfacesand intheanalysisof thelocal composition
of samples, such asinclusionsin mineralsor in cell organelles. It normally allows selective
ionization by adjusting the laser wavelength. However, in most conventional infrared LD
modes, the laser creates a thermal spike, and thus it is not necessary to match the laser
wavelength with the sample.

Since the signals are very short, simultaneous detection analysers or time-of-flight anal -
ysers are required. The probability of obtaining a useful mass spectrum depends critically
on the specific physical proprieties of the analyte (e.g. photoabsorption, volatility, etc.).
Furthermore, the produced ions are almost always fragmentation products of the original
molecule if its mass is above approximately 500 Da. This situation changed dramatically
with the devel opment of matrix-assisted laser desorption ionization (MALDI) [17,18].

1.8 Matrix-Assisted Laser Desorption Ionization

This was introduced in 1988 principaly by Karas and Hillenkamp [19-21]. It has since
become a widespread and powerful source for the production of intact gas-phase ions
from abroad range of large, non-volatile and thermally |abile compounds such as proteins,
oligonucleatides, synthetic polymers and large inorganic compounds. The use of aMALDI
matrix, which provides for both desorption and ionization, is the crucial factor for the
success of thisionization method. The method is characterized by easy sample preparation
and has alarge tolerance to contaminantion by salts, buffers, detergents, and so on[22,23].

1.8.1 Principles of MALDI

MALDI isachievedintwo steps. Inthefirst step, thecompound to beanaysedisdissolvedin
asolvent containing in solution small organic molecules, called the matrix. These molecules
must have a strong absorption at the laser wavel ength. This mixtureisdried before analysis
and any liquid solvent used in the preparation of the solution is removed. The result is
a ‘solid solution’ deposit of analyte-doped matrix crystals. The analyte molecules are
embedded throughout the matrix so that they are completely isolated from one ancther.
The second step occurs under vacuum conditions inside the source of the mass spec-
trometer. This step involves ablation of bulk portions of this solid solution by intense laser



34 1 ION SOURCES

IRRADIATION

DESOLVATATION

&, DESORPTION \ / °
H*
o —» @
MATRIX o

PROTON TRANSFER

W

PRODUCT @

Figure 1.15
Diagram of the principle of MALDI.

pulses over ashort duration. The exact mechanism of the MALDI processisnot completely
elucidated [24,25]. However, irradiation by the laser induces rapid heating of the crystalsby
the accumulation of alarge amount of energy in the condensed phase through excitation of
the matrix molecules. The rapid heating causes |ocalized sublimation of the matrix crystals,
ablation of a portion of the crystal surface and expansion of the matrix into the gas phase,
entraining intact analyte in the expanding matrix plume [26].

| onization reactions can occur under vacuum conditions at any time during this process
but the origin of ions produced in MALDI is till not fully understood [27,28]. Among the
chemical and physical ionization pathways suggested for MALDI are gas-phase photoion-
ization, excited state proton transfer, ion—molecul e reactions, desorption of preformed ions,
and so on. The most widely accepted ion formation mechanism involves proton transfer
in the solid phase before desorption or gas-phase proton transfer in the expanding plume
from photoionized matrix molecules. The ions in the gas phase are then accelerated by
an electrostatic field towards the analyser. Figure 1.15 shows a diagram of the MALDI
desorption ionization process.

MALDI is more sensitive than other laser ionization techniques. Indeed, the number of
matrix molecules exceeds widely those of the analyte, thus separating the anal yte molecules
and thereby preventing the formation of sample clusters that inhibit the appearance of
molecular ions. The matrix al so minimizes sampledamagefrom thelaser pulse by absorbing
most of the incident energy and increases the efficiency of energy transfer from the laser to
the analyte. So the sensitivity isalso highly increased. MALDI is also more universal than
the other laser ionization techniques. Indeed, it is not necessary to adjust the wavelength
to match the absorption frequency of each analyte because it isthe matrix that absorbs the
laser pulse. Furthermore, because the process is independent of the absorption properties
and size of the compound to be analysed, MALDI allows the desorption and ionization
of analytes with very high molecular mass in excess of 100000 Da. For example, MALDI
alows the detection of femtomoles of proteins with molecular mass up to 300000 Da
[29,30].

MALDI mass spectrometry has become a powerful analytical tool for both synthetic
polymers and biopolymers[31]. Typical MALDI spectrainclude mainly the monocharged
molecular species by protonation in positive ion mode. More easily deprotonated com-
pounds are usually detected in negative ion mode. Some multiply charged ions, some
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MALDI spectra of a monoclonal antibody (above) and of
a polymer PMMA 7100 (below). Reproduced (modified)
from Hillenkamp F.H. and Kras M., Meth. Enzymol.,
193, 280-295, 1990 and from Finnigan MAT documen-
tation, with permission.

multimers and very few fragments can also be observed. Compounds that are not easily
protonated can be cationized instead, often by adding a small quantity of alkali, copper or
silver cationsto the sample. AsMALDI spectraare simple, complex mixtures can be easily
analysed. Figure 1.16 shows the MALDI spectrum of amonoclonal antibody [32] of about
150kDa. Thisfigure also presentsthe MAL DI spectrum of asynthetic polymer correspond-
ing to polymethyl methacrylate (PMMA 7100) with an average mass of about 7100 Da.

The use of MALDI to image bhiological materials is another interesting application
[33,34]. Indeed, aswith LD and SIMS, MALDI has been used to map the distribution of
targeted biomolecules in tissue. It allows for example the study of peptides, proteins and
other biomolecules directly on tissue sections.

Contrary to most other ionization sources that yield a continuous ion beam, MALDI is
a pulsed ionization technique that producesionsin bundles by an intermittent process. The
pulsed nature of the MALDI source iswell suited for the time-of-flight (TOF) analyser. In
addition, the TOF analyser has the ability to analyse ions over a wide mass range and thus
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Table 1.1 Some common lasers used for MALDI.

Laser Wavelength  Energy (eV)  Pulsewidth
Nitrogen 337 nm 3.68 <lnstoafewns
Nd:YAG u3  355nm 3.49 5ns

Nd:YAG u4 266 nm 4.66 5ns

Er:-YAG 2.94 um 0.42 85ns

CO, 10.6 um 0.12 100ns + 1 pstail

can analyse the high-mass ions generated by MALDI. Altogether, this explains why most
MALDI spectra have been obtained with MALDI-TOF spectrometers. However, there is
no fundamental reason to limit the use of MALDI sources with TOF analysers. MALDI
sources have al so been coupl ed to other massanalysers, such asiontrap or Fourier transform
mass spectrometers. These instruments allow MS/M S analysisto be performed much more
powerfuly and easier realized than using TOF instruments. Furthermore, Fourier transform
mass spectrometers reach high resolutions.

1.8.2 Practical Considerations

Among the different lasers used, UV lasers are the most common because of their ease
of operation and their low price. N, lasers (A = 337 nm) are considered as the standard,
though Nd: YAG lasers (A = 266 or 355 nm) arealso used. MALDI canalsouselR laserslike
Er:YAG lasers (A = 2.94 um) or CO; lasers (1. = 10.6 um). A summary of |laser wavel engths
and pulse widths usually used for MALDI is listed in Table 1.1. It is not the power
density that is the most important parameter to produce significant ion current but the
total energy in the laser pulse at a given wavelength [35]. Generally, the power density
required corresponds to an energy flux of 20 mJcm~—2. The pulse widths of lasersvary from
afew tens of nanoseconds to a few hundred microseconds. The laser spot diameter at the
surface of the sample varies from 5 to 200 um. It is important to determine the threshold
irradiance, the laser pulse power that results in the onset of desorption of the matrix.
Molecular species of the analyte are generally observed at slightly higher irradiances but
higher laser power leads to more extensive fragmentation and induces a loss of mass
resolution.

MALDI spectraobtained with UV or IR lasers are essentially identical for most analysed
samples. There are only very small differences. Indeed, when an IR laser isused, only less
fragmentation is observed, indicating that the IR-MALDI is somewhat cooler. On the other
hand, IR-MALDI inducesalarger depth of vaporization per shot that |leadsto shorter lifetime
of the sample. Compared with UV-MALDI, a somewhat lower sensitivity is observed.

Matrix selection and optimization of the sample preparation protocol are the most im-
portant steps in the analysis because the quality of the results depends on good sample
preparation. However, the preparation procedures are still empirical. The MALDI matrix
selection is based on the laser wavelength used. In addition, the most effective matrix is
strongly related to the class of analyte and may differ for analytes that have apparently sim-
ilar structures. The MALDI matrices must meet a number of requirements simultaneously.
These are strong absorbance at the laser wavelength, low enough mass to be sublimable,
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Table 1.2 Some common UV-MALDI matrices.
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Analyte Matrix Abbreviation
Peptides/proteins a-Cyano-4-hydroxycinnamic acid CHCA
2,5-Dihydroxybenzoic acid (gentisic) DHB
3,5-Dimethoxy-4-hydroxycinnamic acid (sinapic) SA
Oligonuclectides Trihydroxyacetophenone THAP
3-Hydroxypicolinic acid HPA
Carbohydrates 2,5-Dihydroxybenzoic acid DHB
a-Cyano-4-hydroxycinnamic acid CHCA
Trihydroxyacetophenone THAP
Synthetic Trans-3-indoleacrylic acid IAA
polymers Dithranol DIT
2,5-Dihydroxybenzoic acid DHB
Organic 2,5-Dihydroxybenzoic acid DHB
molecules
Inorganic Trans-2-(3-(4-tert-Butyl phenyl)-2methyl-2- DCTB
molecules propenyliedene)malononitrile
Lipids Dithranol DIT

vacuum stability, ability to promote analyte ionization, solubility in solvents compatible
with analyte and lack of chemical reactivity. However, these general guidelines for matrix
selection are not sufficient to predict a good matrix. Indeed, numerous matrix candidates
have been inspected and their ability to function asaMALDI matrix has been exemplified,
but only very few are good matrices.

Common UV-MALDI matrices are listed in Table 1.2 with the class of compounds
with which they are used. The matrices used with IR lasers, such as urea, caboxylic
acids, alcohols and even water, are often closer to the natural solutions than the highly
aromatic UV-MALDI matrices. In addition, there are many more potential matrices for
IR-MALDI owing to the strong absorption of molecular compounds at IR wavelengths,
even if the correlation between ion formation and matrix absorption in IR-MALDI is not
clear [36].

A number of different sample preparation methods have been described in the literature
[37,38]. A collection of these protocols is accessible on the Internet [39, 40]. The original
method that is always the most widely used has been called dried-droplet. This method
consists of mixing some saturated matrix solution (5-10 pl) with asmaller volume (1-2 pl)
of an analyte solution. Then, a droplet (0.5-2 ul) of the resulting mixture is placed on
the MALDI probe, which usually consists of a metal plate with a regular array of sites
for sample application. The droplet is dried at room temperature and when the liquid
has completely evaporated to form crystals, the sample may be loaded into the mass
spectrometer.

MALDI suffers from some disadvantages such as low shot-to-shot reproducibility and
strong dependence on the sample preparation method. Each laser shot ablates afew layers
of the deposit at the spot where the laser irradiates. This can produce variation in the
shot-by-shot spectrum. Also, the impact position on the surface of the deposit can lead to
spectral variations. Improvement of the deposit homogeneity gives a better reproducibility
of thesignal. Thisisvery important if precise quantitative results must be obtained. A given
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position may become depleted after approximately 50 shotsbut afew laser shotsare usually
sufficient to acquire a reasonable spectrum. When a long and stable signal is needed, the
target plate moves during spectra acquisition to expose fresh sample continuously to the
laser irradiation spot.

MALDI isrelatively less sensitive to contamination by salts, buffers, detergents, and so
on in comparison with other ionization techniques [41]. The analyte must be incorporated
into the matrix crystals. This process may generally serve to separate in solid phase the
analytefrom contaminants. However, high concentrations of buffersand other contaminants
commonly found in analyte solutions can interfere with the desorption and ionization
process of samples. Prior purification to remove the contaminants leads to improvements
in the quality of mass spectra. For instance, the removal of alkali ions has proven to be very
important for achieving high desorption efficiency and mass resolution.

On-probe purification using derivatized MALDI probe surfaces has been described to
simplify the sample preparation process. Various developmentsin thisfield have allowed the
introduction of new techniques such as the surface-enhanced laser desorption ionization
(SELDI) [42]. The surface of the probe plays an active role in binding the analyte by
hydrophobic or electrostatic interactions, while contaminants are rinsed away. In the same
way, this technique uses targets with covalently coupled antibodies directed against a
protein, allowing its purification from biological samples as urine or plasma. Subsequent
addition of adroplet of matrix solution allows MALDI analysis.

In MALDI, the laser typically irradiates the analyte on the front side of an opague
surface (reflection geometry). Another configuration consisting of laser irradiation through
the back of the sample (transmission geometry) has been used. However, the use of this
configuration is limited. The sample consumption for MALDI is much lower than the
amount required for analysis because only a small fraction of the surface of the sample
on the MALDI probe is irradiated by the laser during the acquisition. After analysis, the
remaining sample can be recovered for other experiments.

Matrix-free direct laser desorption ionization of analyte has been studied on different
kinds of surfaces without real success because degradation of the sample is usually ob-
served. However, good results were obtained with the method called surface-activated laser
desorption ionization (SALDI) [43] which uses graphite as the surface. But the use of
porous silicon as anew surface is more promising and has led to the devel opment of anew
method called desorption ionization on silicon (DIOS) [44]. Unlike the other matrix-free
laser desorption ionization methods, DIOS allows ion formation from analyte with little or
no degradation.

As already mentioned, DIOS is a matrix-free method that uses pulsed laser desorption
ionization on porous silicon. Indeed, this method simply consists of depositing the sample
in solution on porous silicon, without any added organic matrix. The structure of porous
silicon allows the analyte molecules to be retained while its strong UV absorption allows
the desorption ionization of the sample under UV laser irradiation. DIOS has most of its
characteristics in common with MALDI but has several advantages to MALDI because
it does not use a matrix. DIOS mass spectra do not present interference in the low-mass
range, while signals due to the matrix are observed in MALDI. It allows small moleculesto
be easily analysed. For the same reason, the deposition of the samplein aqueous solutionis
uniform and the preparation of the sample is simplified. Furthermore, DIOS is equivalent
to MALDI in sensitivity, but is more tolerant of the presence of salts or buffers. This
method isuseful for alarge range of small-size compounds (100-3000 Da) such as organic
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compounds or hiomolecules including peptides and oligosaccharides. With all of these
characteristics, DIOS is a complementary ionization method to MALDI.

1.8.3 Fragmentations

The MALDI process can lead to fragmentations that occur as a result of the excess energy
that isimparted to the anal yte during the desorption ionization process. There are essentially
threedifferent types of fragmentationsthat generatefragmentionsin MAL DI spectra. These
fragmentations are discriminated according to the place where they occur.

Fragmentations taking place in the source are called in-source decay (ISD) fragmenta-
tions. To be precise, fragmentation at the sample surface that occurs before or during the
desorption event (on atime scale of afew picoseconds to nanoseconds) is called prompt
fragmentation. Fragmentation occurring in the source after the desorption event but be-
fore the acceleration event (on a time scale of a few nanoseconds to microseconds) is
called fast fragmentation. Fragmentation that occurs after the acceleration region of the
mass spectrometer is called post-source decay (PSD) fragmentation. It corresponds to the
fragmentation of metastable ions, which are stable enough to leave the source but contain
enough excess energy to allow their fragmentation before they reach the detector.

There are many mechanisms involved in the activation of ions produced in MALDI.
Acquisition of an excess of internal energy can be due to the direct interaction pho-
ton/molecule, to ionization energy and to activation of molecules in solid state. Another
important mechanism consists of the multiple collisions that ions undergo in the source.
Indeed, the laser pulse provokes expansion of the matrix into the gas phase, carrying intact
analyte in the expanding matrix plume. Desorption of these small molecules induces the
formation of a very dense cloud of neutral molecules located just over the surface. The
acceleration of the ions through this cloud during their extraction from the source causes
many collisions that increase their internal energy. These collisions can be controlled by
the strength of the electric field used to extract the ions from the source. By increasing the
electric field, the ion-neutral collision energy is increased and thus the internal energy of
the ions increases too. On the other hand, the internal energy of theionsincreaseslessin a
weaker electric field because the collision energy decreases in the expanding cloud.

ISD fragmentations lead to product ionsthat are always apparent in the MALDI spectra,
whereasthe observation of product ionsfrom PSD fragmentation needs certain instrumental
conditions. For example,aMALDI source coupledto alinear TOF analyser allowsdetection
of fragment ions produced in the source at their appropriate m/z ratio. On the contrary,
fragment ions produced after the source cannot be resolved from their precursor ions and
are detected at the same apparent m/z ratio. This induces a broadening of the peaks with a
concomitant loss of mass resolution and sensitivity.

1.8.4 Atmospheric Pressure MALDI

In 2000, various developments in the field of MALDI led to the advent of new methods
such as the atmospheric pressure MALDI (AP-MALDI) source. This method combines
the atmospheric pressure (AP) source and MALDI [45-47]. Indeed, this source produces
ions of analytes under normal atmospheric pressure conditions from analyte-doped matrix
microcrystals by irradiating these crystals with laser pulses.
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Diagram of an AP-MALDI source. lons are transferred
into the mass analyser using the atmospheric pressure
interface.

The AP-MALDI source is illustrated in Figure 1.17. It works in a similar manner to
the conventional MALDI source. The same sample preparation techniques and the same
matrices used for conventional vacuum MALDI can be used successfully for AP-MALDI.
The main difference is the pressure conditions where ions are produced. Conventional
MALDI is a vacuum ionization source where analyte ionization takes place inside the
vacuum of the mass spectrometer whereas AP-MALDI isan atmospheric ionization source
where ionization occurs under atmospheric pressure conditions outside of the instrument
vacuum.

The ions are transferred into the vacuum of the mass analyser using an atmospheric
pressure interface (API). To assist the transport of ions produced from the atmospheric
pressure ionization region towards the high vacuum, a high voltage (typically, 2-3kV) is
applied on the surface of the target plate (MALDI probe) and a stream of dry nitrogen
is applied to the area surrounding the target plate. As the transfer of ions into the mass
spectrometer isrelatively inefficient, thetotal sampleconsumptionishigher for AP-MALDI
than for vacuum MALDI. However, sensitivity of thision source is not decreased because
the sample consumption for MALDI is much lower than the amount required for analysis.
Indeed, alarge fraction of the sample is not used during data acquisition.

Themechanism of AP-MALDI ion productionissimilar to that of conventional MALDI.
Thus, the AP-MALDI source, like the conventional MALDI source, produces mainly
monocharged molecular species but with a narrower mass range. But, because of the
fast and efficient thermalization of the ion internal energy at atmospheric conditions, AP-
MALDI is a softer ionization technique compared with conventional vacuum MALDI and
even softer than vacuum IR-MALDI. lons produced by this method generally exhibit no
fragmentation but tend to form clusters with the matrix. These unwanted adducts between
matrix and analyte can be eliminated by increasing the energy transferred to theionsin the
source. For instance, increasing the laser energy or some APl parameters, such as capillary
temperature, increases the analyte-matrix dissociation process.

The advantages of AP-MALDI include those advantages typically associated with a
MALDI source but without some of the drawbacks. Indeed, AP-MALDI does not require
avacuum region and is decoupled from the mass analyser, allowing it to be coupled with
any mass spectrometer equipped with API. It is also easily interchangeable with other
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atmospheric pressure sources, such as electrospray ionization (see later). Asaresult of the
almost complete decoupling of the ion desorption from the mass anayser, the performance
of the instrument (calibration, resolution and mass accuracy) is not affected by source
conditions (type of sample matrix, sample preparation method and | ocation of the laser spot
onthesample). Thisallowsmuch greater experimental flexibility. Itispossible, for instance,
to use long-pulse lasers to increase the overall sensitivity without observing deterioration
in resolution. AP-MALDI sources, like the conventional MALDI source, can be used to
image biological materials. But sampling at atmospheric pressure alows the examination
of samples that are vacuum sensitive, such as samples containing volatile solvents. This
method can be easily applied to spatial analysis of native surfaces of biological tissues.

1.9 Thermospray

The principle of the thermospray (TSP), proposed by Blakney and Vestal [48,49] in 1983,
isshownin Figure 1.18.

A solution containing a salt and the sample to be analysed is pumped into a steel
capillary, which is heated to high temperature alowing the liquid to heat quickly. The
solution passes through a vacuum chamber as a supersonic beam. A fine-droplet spray
occurs, containing ions and solvent and sample molecules. The ions in the solution are
extracted and accel erated towards the analyser by arepeller and by alensfocusing system.
They are desorbed from the dropl ets carrying one or several solvent molecules or dissolved
compounds. It is thus not necessary to vaporize before ionization: ions go directly from
the liquid phase to the vapour phase. To improve the ion extraction, the droplets at the
outlet of the capillary may be charged by a corona discharge. The droplets remain on their
supersonic trip to the outlet where they are pumped out continuously through an opening
located in front of the supersonic beam. Large vapour volumes from the solvent are thus
avoided.

f
Quadrupole
Temperature sensor
of the eluting flow

LC flow R
1 or 2 ml min% _—
+
i N/ 7).
e oY —> Pumping
c R I
@
1d
Heater 1 I\

Frma
FRE

b +ve Temperature sensor

of the aerosol
Repeller

Figure 1.18

Diagram of a thermospray source. The chromatographic effluent
comes in at (a) the transfer line is suddenly heated at (b) and the
spray is formed under vacuum at (c). At (d) the spray goes between
a pusher with a positive potential and a negative cone for positive
ions. The ions are thus extracted from the spray droplets and
accelerated towards the spectrometer (f). At (e), a high-capacity
pump maintains the vacuum.
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In order to avoid the freezing of the droplets under vacuum, the liquid must be heated
during the injection. This heating is programmed by feedback from athermocouple which
measures the beam temperature under vacuum. The heating is achieved by having a current
pass through the capillary that carries the liquid and thus also acts as a heating resistance.

1.10 Atmospheric Pressure Ionization

Besides AP-MALDI, aready described earlier, electrospray (ESI), atmospheric pressure
chemical ionization (APCI), atmospheric pressure photoioni zationionization (APPI), DES|
and DART are other examples of atmospheric pressure ionization (API) sources.

Such sources ionize the sample at atmospheric pressure and then transfer the ions into
the mass spectrometer. An atmospheric pressure interface is then used to transfer ionsinto
the high vacuum of the massanalyser. The problem liesin coupling an atmospheric pressure
source compartment with an analyser compartment that must be kept at avery low pressure
or at avery high vacuum (1075 Torr).

This problem is solved by adopting a differential pumping system. Usually two inter-
mediate vacuum compartments are used between the source compartment and the analyser
compartment because the pressure difference is quite large. The compartments are con-
nected between them by lenses with very small orifices (called skimmers or cones). The
pressures of the intermediate vacuum compartments are gradually reduced by using severa
differential stages of high-capacity pumps. lons go across the compartments in the order
of higher to lower pressure through these small orifices to reach the analyser compartment.
This orifice must be wide enough to allow the introduction of as many ions as possible in
order to enhance the sensitivity. But, on the other hand, the orifice must not be too wide to
maintain a correct vacuum in the analyser compartment. A transfer optics system including
focusing lenses or focusing multipole lenses is provided in the intermediate-vacuum com-
partmentsto inject ions effectively into the orifices. The scheme of an atmospheric pressure
interfaceisillustrated in Figure 1.19.

Another problem lies in the cooling caused by the sample and the solvent adiabatic
expansion that favours the appearance of ion clusters. Consequently, ion desolvation is
also an important aspect of atmospheric pressure interface design. Efficient desolvation
is provided by the introduction of a heated metallized transfer tube (about 200°C) or by
applying a counter-current flow of heated dry gas also called curtain gas. The desolvationis
aso improved by accelerating the ionsin aregion of the interface where the pressureisin
the millibar range. The accel eration is obtained by applying avoltage between the different

1th stage 2nd stage 3rd Vacuum stage
Source Focalization Analyser
Gas + lons —> o —> lons
1Atm |1Torr <1073 Torr <10~5Torr
Pump Pump Pump

Figure 1.19
Scheme of an atmospheric interface with differential
pumping system using three stages.
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extraction lenses. The ions collide with residual gas molecules, increase their internal
energy, which induces their final desolvation, and the ion clusters disappear. However,
these collisions can aso give enough energy to induce ion fragmentation. This kind of
fragmentation is called in-source fragmentation. The desolvation should be maximized to
get againin sensitivity because the distribution of an analytein different species, which are
clusters, leads to a decrease in detection sensitivity. Furthermore, the formation of clusters
should be controlled when doing quantitative analysis because the anal yte of interest should
be in awell-defined and stable form.

The transfer of ions from atmospheric pressure to the vacuum of a spectrometer neces-
sarily induces ion losses. But these losses are compensated by the higher total ion yield in
the API source dueto fast thermal stabilization at atmospheric conditions. Indeed, when the
sampleionization is performed under atmospheric pressure[50,51], an ionization efficiency
10° to 10* times as great asin a reduced-pressure Cl source is obtained.

The early APl source designs used an axial configuration. The ions were produced in
the axis of the orifice. Designs have changed, however. Now the orthogonal configuration
to introduce the ions into the interface is used in many API sources. The main advantage
isthat the orifice is no longer saturated by solvent. Instead, only ions are directed towards
the inlet. Consequently, orifices can be larger than in the axia configuration. The combi-
nation of larger orifices and noise reduction largely compensates for transmission |osses
due to the orthogonal geometry, giving a large gain in sensitivity. Another advantage of
this configuration is that the flow rates can be increased. Furthermore, this configuration
gives better protection of the orifice against contamination or clogging, giving agan in
robustness. However, the orthogonal configuration with indirect trgjectory of analyte ions
also introduces unwanted discrimination based on mass or charge.

The most important advantage of APl sources is the simplicity for the direct on-line
coupling of separation techniques (HPLC, CE, etc.) to the mass spectrometer. Another
attractive aspect of these sources is the easy introduction of the sample into a mass spec-
trometer because the operation at atmospheric pressure outside of the mass spectrometer
eliminates the complicated procedure of introducing the sample into its high vacuum.

1.11 Electrospray

In the literature, electrospray is abbreviated to either ESI or ES. Because ES is ambiguous,
we prefer to use ESI. The success of ES| started when Fenn et al. [52, 53] showed that
multiply charged ions were obtained from proteins, alowing their molecular weight to
be determined with instruments whose mass range is limited to as low as 2000 Th. At
the beginning, ESI was considered as an ionization source dedicated to protein analysis.
Later on, its use was extended not only to other polymers and biopolymers, but also to the
analysis of small polar molecules. It appeared, indeed, that ESI allows very high sensitivity
to be reached and is easy to couple to high-performance liquid chromatography HPLC,
uHPLC or capillary electrophoresis. ESI principles and biological applications have been
extensively reviewed [54-56]. Several edited books on this subject also appeared in 1996
and 1997 [57,58].

ESI [59-64] isproduced by applying astrong electric field, under atmospheric pressure,
to a liquid passing through a capillary tube with a weak flux (normally 1-10 pl min—1).
The electric field is obtained by applying a potential difference of 3-6kV between this
capillary and the counter-electrode, separated by 0.3-2 cm, producing electric fields of the
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Diagram of electrospray sources, using skimmers for ion focalization and
a curtain of heated nitrogen gas for desolvation (top), or with a heated
capillary for desolvation (bottom).

order of 10°V m~! (Figure 1.20). This field induces a charge accumulation at the liquid
surfacelocated at the end of the capillary, which will break to form highly charged droplets.
A gasinjected coaxially at alow flow rate allows the dispersion of the spray to be limited
in space. These droplets then pass either through a curtain of heated inert gas, most often
nitrogen, or through a heated capillary to remove the last solvent molecules.

The spray starts at an ‘onset voltage' that, for a given source, depends on the surface
tension of the solvent. In a source which has an onset voltage of 4kV for water (surface ten-
sion 0.073N m~2), 2.2kV is estimated for methanol (0.023N m~2), 2.5kV for acetonitrile
(0.030N m~2) and 3kV for dimethylsulfoxide (0.043N m~2) [65]. If one examines with a
microscope the nascent drop forming at thetip of the capillary whileincreasing the voltage,
as schematically displayed in Figure 1.21, at low voltages the drop appears spherical, then
elongates under the pressure of the accumulated charges at the tip in the stronger electric
field; when the surface tension is broken, the shape of the drop changesto a‘ Taylor cone’
and the spray appears.

Gomez and Tang [66] were able to obtain photographs of droplets formed and dividing
in an ESI source. A drawing of a decomposing droplet is displayed in Figure 1.22. From
their observations, they concluded that breakdown of the droplets can occur beforethe limit
given by the Rayleigh equation is reached because the dropl ets are mechanically deformed,
thus reducing the repulsion necessary to break down the droplets.

The solvent contained in the droplets evaporates, which causes them to shrink and
their charge per unit volume to increase. Under the influence of the strong electric field,
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Figure 1.21

Effect of electrospray potential on the drop at the tip of the capillary, as observed with
binoculars while increasing the voltage. Left: at low voltage, the drop is almost spherical.
Centre: at about 1 or 2 kilovolts, but below the onset potential, the drop elongates under
the pressure of the charges accumulating at the tip. Right: at onset voltage, the pressure is
higher than the surface tension, the shape of the drop changes at once to a Taylor cone and
small droplets are released. The droplets divide and explode, producing the spray.

o 00 O
Rayleigh: g2 = 812 g4y D*

Figure 1.22

A decomposing droplet in an electrospray source, ac-
cording to [66]; g, charge; ¢¢, permittivity of the envi-
ronment; vy, surface tension and D, diameter of a sup-
posed spherical droplet.

deformation of the droplet occurs. The droplet elongates under the force resulting from the
accumulation of charge, similarly to what occurred at the probe tip, and finally produces a
new Taylor cone. From this Taylor cone, about 20 smaller droplets are released. Typically
afirst-generation droplet from the capillary will have a diameter of about 1.5 um and will
carry around 50 000 elementary charges, or about 10~ C. The offspring dropletswill have
a diameter of 0.1 um and will carry 300 to 400 elementary charges. The total volume of
the offspring dropletsis about 2% of the precursor droplet but contain 15% of the charge.
The charge per unit volume is thus multiplied by a factor of seven. The precursor droplet
will shrink further by solvent evaporation and will produce other generations of offspring.

These small, highly charged dropletswill continue to lose solvent, and when the electric
field on their surface becomes large enough, desorption of ions from the surface occurs
[65]. Charges in excess accumulate at the surface of the droplet. In the bulk, analytes as
well as electrolytes whose positive and negative charges are equal in number are present at
a somewhat higher concentration than in the precursor droplet. The desorption of charged
molecules occurs from the surface. This means that sensitivity is higher for compounds
whose concentration at the surface is higher, thus more lipophilic ones. When mixtures of
compoundsare analysed, those present at the surface of droplets can mask, even completely,
the presence of compounds which are more soluble in the bulk. When the droplet contains
very large molecules, like proteins for example, the molecules will not desorb, but are
freed by evaporation of the solvent. This seemsto occur when the molecular weight of the
compounds exceeds 5000 to 10000 Da.

The ions obtained from large molecules carry a greater number of charges if severa
ionizable sites are present. Typically, a protein will carry one charge per thousand daltons
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Figure 1.23

ESI spectrum of phage A lysozyme; m/z in Th and the number of
charges are indicated on each peak. The molecular mass is measured
as being 17 828 +2.0 Da.

approximately, less if there are very few basic amino acids. As an example, the ES|
spectrum of phage lambda lysozyme is shown in Figure 1.23. Small molecules, say less
than athousand daltons, will produce mainly monocharged ions. ESI can also be used inthe
case of molecules without any ionizable site through the formation of sodium, potassium,
ammonium, chloride, acetate or other adducts.

ESI hasimportant characteristics: for instance, it isableto produce multiply chargedions
from large molecules. Theformation of ionsisaresult of the electrochemical processand of
the accumulation of chargeinthedroplets. The ESI current islimited by the electrochemical
process that occurs at the probe tip and is sensitive to concentration rather than to total
amount of sample.

1.11.1 Multiply Charged Ions

Large molecules with several ionizable sites produce by ESI multiply charged ions, as
shown for lysozyme positive ionsin Figure 1.23.

Obtaining multiply charged ions is advantageous as it improves the sensitivity at the
detector and it allowsthe analysis of high-molecul ar-wei ght moleculesusing analyserswith
aweak nominal mass limit. Indeed, the technical characteristics of mass spectrometers are
such that the value being measured is not the mass, but the mass-to-charge ratio m/z.

The ESI mass spectra of biological macromolecules normally correspond to a statistical
distribution of consecutive peaks characteristic of multiply charged molecular ions obtained
through protonation (M + zH)**, or deprotonation (M — zH)?~, with minor if any contri-
butions of ions produced by dissociations or fragmentations. However, as the measured
apparent mass is actually my/z, to know m one needs to determine the number of charges z

Consider a positive ion with charge z; whose mass-to-charge ratio is measured as being
my Th, issued from a molecular ion with mass M Dato which z protons have been added.
We then have

zimy = M + zymp

where my, is the mass of the proton.
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Figure 1.24
Deconvolution of an ESI spectrum of a protein mixture. From
Finnigan documentation. Reprinted, with permission.

Anion separated fromthefirst oneby (j — 1) peaks, inincreasing order of mass-to-charge
ratio, has a measured ratio of m, Th and a number of charges z; —j, so that

ma(z1 — j) = M + (z1 — j)mp
These two equations lead to

J(ma — mp)

M= -
E— and za(my — myp)

1 =

In the case of negative multiply charged ions, analogous equations lead to

J(ma + mp)

mo—my ¢ M atmEm)

i1 =

In the example shown in Figure 1.23 using the peaks at m/z 939.2 and 1372.5 (j = 6),
weobtain z; = 6(1372.5 — 1.0073)/(1372.5 — 939.2) = 19 and we can number al the peaks
measured according to the number of charges. M can be calculated from their mass. The
average value obtained from all of the measured peaks is 17 827.9 Da with a mean error
of 2.0Da. This technique allowed the determination of the molecular masses of proteins
above 130kDawith a detection limit of about 1 pmol using a quadrupole analyser.

A variety of algorithms have been devel oped to allow the determination of the molecular
mass through the transformation of the multiply charged peaks present in the ESI spectrum
into singly charged peaks. Some of them also alow the deconvolution ESI spectra of
mixtures, asis shown in Figure 1.24. However, the complexity of the spectra obtained for
asingle compound is such that only simple mixtures can be analysed.
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Figure 1.25

Product ion spectrum of the [M + 7H]”* ion from the following peptide: ALVRQG-
LAKVAYVYKPNNTHEQHLRKSEAQAKKEKLLNIWSEDNADSGQ. Notice that
fragment ions having lower charge number z may appear at higher m/z values than
the precursor, which indeed occurs in the spectrum shown. The inset shows that,
owing to the high resolution, the isotopic peaks are observed separated by 1/6 Th,
and thus 1/z=1/6 or z=6. From Andersen J., Molina H., Moertz E., Krogh T.N.,
Chernuchevich 1., Taylor L., Vorm O. and Mann M., ‘Quadrupole-TOF Hybrid
Mass Spectrometers Bring Improvements to Protein Indentification and MS/MS
Analysis of Intact Proteins’ The 46th Conference on Mass Spectrometry and Al-
lied Topics, Orlando, Florida, 1998, p. 978. Reprinted, with permission.

At high resolution, the individual peaks with different charge states observed at low
resolution are each split into several peaks corresponding to the isotope distribution. As
neighbour peaks differ by 1 Da, the observed distance between them will be 1/z, alowing
the direct determination of the charge state of the corresponding ion. Thisis important for
MS/MS spectra of multiply charged ions, as the preceding rules to assign the z value can
no longer be applied. An example is displayed in Figure 1.25 [67].

Theability of thisionization method for thedetermination of very high molecular weights
isillustrated in Figure 1.26 [68]. The spectrum displayed is obtained from assemblies of
vanillyl alcohol oxidase containing respectively 16 and 24 proteins. The spectrum was
obtained with a hybrid quadrupole TOF instrument, Q-TOF Micromass, equiped with a
micro-ESI source. To obtain such a spectrum one needs not only a mass spectrometer with
sufficient mass range and resolution, but also high skill in protein purification.

1.11.2 Electrochemistry and Electric Field as Origins
of Multiply Charged Ions

Charges of ions generated by ESI do not reflect the charge state of compounds in the
analysed solution, but are the result of both charge accumulation in the droplets and charge
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Figure 1.26

MicroESI Q-TOF spectrum of assemblies of vanillyl alcohol oxidase obtained
by W.J.H. van Berkel and co-workers [68]. At the left, an octamer—dimer
of 1.02MDa molecular weight, and at the right, the octamer—trimer of
1.53 MDa. Reproduced courtesy of Dr. A.J.R. Heck.

modification by electrochemical process at the probe tip. Thisis clearly demonstrated by
a convincing experiment reported by Fenselau and co-workers, and illustrated in Figure
1.27 [69]. They showed that negative ions of myoglobin can be observed at pH 3, while a
calculation based on known pK values predictsthat only 1 molecule per 3500 approximately
would have one negative charge in the original solution. The results point out therole of the
charge accumulation in droplets under the influence of the electric field on the formation of
multiply charged ions. Furthermore, the ‘ pumping out’ of the negative charges can only be
performed if, at the same time, the same number of positive charges is electrochemically
neutralized at the probe tip.

Moreover, it isworth noting that the negative ion spectrum of myoglobin at pH 3 shows
a better signal-to-noise ratio than the same spectrum at pH 10 (Figure 1.27). This results
from the fact that protons have a high electrochemical mobility, and is the first indication
of the importance of the reduction process, when negative ions are analysed, that occurs
at the prabetip.

At pH 10, positive ions can be observed too. Additional peaks in the spectraresult from
amodification of the protein at basic pH (loss of heme group).

Thus, it is worthy of consideration to try to acidify a solution with a view to a better
detection of negative ions, and vice versa. Indeed, both H3Ot and OH™ have high limit
equivalent conductivities, as shown in Table 1.3.

1.11.3 Sensitivity to Concentration

Another feature of ESI is its sensitivity to concentration, and not to the total quantity of
sample injected in the source, as is the case for most other sources. This is shown in
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ESI spectra of myoglobin have been acquired in the positive and negative
ion mode, at pH 3 and at pH 10. At pH 3, negative ions are observed,
the most intense ions bearing from 13 to 15 charges. A calculation based
on known pK values shows that in the original solution, only 1 molecule
in approximately 3500 bears one negative charge. From Kelly M.A.,
Vestling M.M., Fenselau C. and Smith P.B., Org. Mass Spectrom., 27,
1143, 1992. Reproduced, with permission.

Figure 1.28 [70]. The intensity of the signals from the two monitored compounds is
measured while injecting the total flow from an HPLC column, 400 ul min—?, or a part
of this flow, after splitting. As can be seen, the sensitivity increases somewhat when the
flow entering the source is reduced. This remains true up to flows as low as some tens
of nanolitres per minute. When flow rates higher than about 500 ul min—! are used, the
sensitivity is reduced. Lower flow rates also alow less analyte and buffer to be injected
in the source, reducing contamination. Furthermore, for the same amount of sample, an
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Table 1.3 Some values of equivalent

conductivity.
Cation Aot Anion Ao~
H;0" 350 OH~ 200
NH4+ 74 Br- 78
K+ 74 I~ 77
Na*" 50 Cl- 76
1701910 1800 120 1890 120
2880122 . 2911722 3164970
No split,
400 pl min~t 132 ul min? 15 ul min~t
to source

1 1.5 min 2 1 1.5 min 2 1 1.5 min 2

Figure 1.28

HPLC on a 2.1 mm column at 400 ul min~! flow. Two drugs are monitored
by selected ion monitoring. Left: 400 pl min~"! is injected in the source. Centre:
132 ulmin~! is split to the source. Right: 15 pl min~! is split to the source. The
integration values are displayed on top of the peaks and show that at reduced
flow rates the sensitivity is slightly increased. Reproduced with data from
Covey T., ‘Analytical Characteristics of the Electrspray Ionization Process’
pp. 21-59 in ‘Biochemical and Biotechnological Applications of Eletrospray
Ionization Mass Spectrometry’ Snyder A.P., ed., ACS Symposium Series 619,
American Chemical Society, 1996.

HPLC column with a lower diameter, and using smaller flow rates, will give an increased
sensitivity because the concentration of the sample in the elution solvent is increased.
Based on this concentration dependence, modifications of the technique, called mi-
croelectrospray (LESI), or nanospray (nESI), which use much lower flow rates down to
some tens of nanolitres per minute, have been devel oped using adapted probe tips[71-73].
Detection limitsin the range of attomoles (1072° moles) injected have been demonstrated.

1.11.4 Limitation of Ion Current from the Source by the
Electrochemical Process

As may be seen from the electric circuit in Figure 1.29, when positive ions are extracted
for analysis, electrons have to be provided in the circuit from the capillary. Thiswill occur
through oxidation of species in the solution at the capillary tip, mainly ions having a
sufficient mobility. In other words, the same number of negative charges must be  pumped’
out of the solution as positive charges are extracted to the analyser. Thus, ESI is truly an
electrochemical process, with its dependence on ion concentration and mobility aswell as
on polarization effects at the probe tip. For the detection of positive ions, electrons have
to be provided by the solution, and thus an oxidation occurs. For negative ions, electrons
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Figure 1.29
Schematic representation of electrochemical process in ESI.

have to be consumed, and thus a reduction occurs. These electrochemical reactions occur
in the last micrometres of the metalic capillary. A major consequence is that the total
number of ions per unit time that can be extracted to the spectrometer is actually limited
by the electric current produced by the oxidation or reduction process at the probetip. This
limiting current is not dependent on the flow rate, up to very low flow, and this explains
why ESl is only concentration dependent. In practice, the total ion current is limited to a
maximum of about 1 pA.

In ESI, the number of variablesislarge, including nature of the solvent, flow, nature and
size of the capillary, distance to the counter-electrode, applied potentiel, and so on. Fur-
thermore, the ionization process includes many parameters, such as surface tension, nature
of analyte and electrolytes, presence or not of other analytes, electrochemical processes at
the probe tip, and so on.

Furthermore, the ESI source is a constant-current electrochemical cell [74]. Figure 1.30
shows the analogy between a classical constant-current electrochemical cell and an ES
source. The important consequence is that there will be a constant current Iy, carried by
theions. If there are too many ions from salts in the flow, they will suffice to produce Iy
and the ions of the sample will be either at low abundances or not observed. On the other
hand, if the solution is very dilute and at very low flow (below 1 ul), the ion flow from the
capillary can beinsufficient to provide ly. The electrochemical process at the probetip will
then produce additional ions by oxidation (or reduction in negative ion mode) of either the
solvent or the sample depending on their respective oxidation (reduction) potentials. This
will lead to the observation of radical cations or radical anionsin the spectrum.

A paper by Fenn et al. [ 75] makesacritical comparison of the varioustheoriesabout ESI.
A simplified theory will be presented here for the relation between analyte concentration
and abundances of the ions.

lons, either positive or negative, of an analyte A will be desorbed from the droplets,
producing a theoretical ion current |5 =ka[A], where ka is a rate constant depending on
the nature of A. Let us suppose that another ion B is produced from the buffer, at a rate
Iz =Kkg[B], and that no other ions are sprayed. The total ion current for these two ions
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Top: scheme of a classical constant-current
electrochemical cell, combining a high-voltage
power supply with a large resistance. Bottom,
an ESI source. The large resistance results here
from the ion flow in the air. Reproduced with
data from Van Berkel G.J. and Zhou F., Anal.
Chem., 67, 2916, 1995.

is It=(la+1g), but this total ion current is limited by the oxidation, if positive ions
are desorbed, or reduction process that occurs at the probe tip. This limiting current is
symbolized Iy, and |+ =l if no other ionic species are present.

The current for each ion will be proportional to its relative desorption rate, and the
pertinent equations are

ka[A] kg [B]
_ Ip=Iy——F——— 11
YTl + ks8] T M AT + ke (B -
Let us consider that [B] remains constant, but the analyte concentration [A] varies; then
two limiting cases are to be considered. First, for ka[A] > kg[B],
ka[A] ~ kp[B] _
B~ IM ~
kg [B] kg [B]
Thismeansthat the intensity detected for A will be proportional to its concentration, but
the sensitivity will be inversely proportional to [B].
The other extreme case leads to
ka[A] kg [B]
~ 1 Ip~1
kafal M T k4]
| o remains constant, and quantitation of [A] isno longer possible. Theintensity of the signal
for B will become weaker as [A] increases.

Iy =1

Iy~ Iy Iy (12)

Iy~ Iy

(1.3)
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Influence of concentration on observed ion abundances,
when increasing concentrations of morphine.HCl is injected
in a solvent containing a constant concentration of sodium
and ammonium salts. Linearity is observed at low con-
centrations, but from about 5 x 107 significant curvature
is observed (note that the scales are logarithmic). At still
higher concentrations, the intensity levels out. Reproduced
(modified) from Kebarle P. and Tang L., Anal. Chem., 65,
972A,1993.

This is shown by an experimental example from [65] in Figure 1.31. In a solvent con-
taining NH4* and Nat ions at constant concentrations, an increasing amount of morphine
chlorhydrate is added. The graph shows on top the number of amperes at the capillary tip,
and below the intensity monitored at the mass of protonated morphine and the sum of the
intensities for the NH;* and Na' ions. At low concentrations of morphine chlorhydrate,
Equation (1.2) pertains, and linearity towards morphine concentration is observed. At high
concentrations, the intensity for morphine is constant, and the signal for the other ions
diminishes, in agreement with Equation (1.3). At intermediate values, the general Equation
(1.1) applies.

1.11.5 Practical Considerations

To observe a stable spray, a minimum amount of electrolyte in the solvent is required,
but this is so low that normal solvents contain enough electrolytes for this purpose. On
the other hand, the maximum tolerable total concentration of electrolytes till to have a
good sensitivity is about 10~2 M. Furthermore, volatile electrolytes are preferred to avoid
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contamination of the source. With most samples, the problem is more to remove the salts
rather than to add some. Also, sample dilution is often performed. Often HPLC methods
have to be modified for ES| when they use high concentrations of buffers.

When it is believed that it could be better to add an electrolyte to improve sample
detection, one should think about the electrochemical process when selecting it. We have
seen, for instance, that adding an acid can improve the detection of negative ions. But the
ESI processis not simple, and many trials are often needed.

1.12 Atmospheric Pressure Chemical Ionization

APCI is an ionization technique which uses gas-phase ion—molecule reactions at atmo-
spheric pressure [76, 77]. It is a method analogous to ClI (commonly used in GC-MS)
where primary ions are produced by corona discharges on a solvent spray. APCI ismainly
applied to polar and relatively non-polar compounds with moderate molecular weight up
to about 1500 Da and gives generally monocharged ions. The principle governing an APCI
source is shown in Figure 1.32.

The analyte in solution from a direct inlet probe or a liquid chromatography eluate at
aflow rate between 0.2 and 2ml min—1, is directly introduced into a pneumatic nebulizer
where it is converted into a thin fog by a high-speed nitrogen beam. Droplets are then
displaced by the gas flow through a heated quartz tube called a desolvation/vaporization
chamber. The heat transferred to the spray droplets alows the vaporization of the mobile
phase and of the sample in the gas flow. The temperature of this chamber is controlled,
which makes the vaporization conditions independent of the flow and from the nature of the
mobile phase. The hot gas (120°C) and the compounds |eave this tube. After desolvation,
they are carried along a corona discharge el ectrode where ionization occurs. Theionization
processesin APCI are equivalent to the processesthat take placein Cl but all of these occur
under atmospheric pressure. In the positive ion mode, either proton transfer or adduction
of reactant gas ions can occur to produce the ions of molecular species, depending on
the relative proton affinities of the reactant ions and the gaseous analyte molecules. In the
negative mode, the ions of the molecular species are produced by either proton abstraction
or adduct formation.

Spray temperature
sensor . Skimmer
\\\_

Heater

760 Torr| J 10°5 Torr

\‘—P Analyser
.
Nebulizer gas \ Pumping

Corona discharge

Figure 1.32
Diagram of an APCI source.
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Generally, the evaporated mobile phase acts as the ionizing gas and reactant ions
are produced from the effect of a corona discharge on the nebulized solvent. Typicaly,
the corona discharge forms by electron ionization primary ions such as Nx*t or O,°*.
Then, these ions collide with vaporized solvent molecules to form secondary reactant gas
ions.

The electrons needed for the primary ionization are not produced by a heated filament,
asthe pressure in that part of the interface is atmospheric pressure and the filament would
burn, but rather using coronadischargesor 3~ particle emitters. These two electron sources
arefairly insensitive to the presence of corrosive or oxidizing gases.

As the ionization of the substrate occurs at atmospheric pressure and thus with a high
collision frequency, it is very efficient. Furthermore the high frequency of collisions serves
to thermalize the reactant species. In the same way, the rapid desolvation and vaporization
of the droplets reduce considerably the thermal decomposition of the analyte. Theresult is
production predominantly of ions of the molecular species with few fragmentations.

The ions produced at atmospheric pressure enter the mass spectrometer through a tiny
inlet, or through a heated capillary, and are then focused towards the analyser. This inlet
must be sufficiently wide to allow the entry of as many ions as possible while keeping a
correct vacuum within theinstrument so asto allow the analysis. The most common solution
toall these constraints consists of using the differential pumping technique on one or several
stages, each one separated from the others by skimmers [78]. In the intermediate-pressure
region, an effective declustering of the formed ions occurs.

APCI has become a popular ionization source for applications of coupled HPLC-MS.
Figure 1.33 shows an example of an application of HPLC-APCI coupling [79]. It shows
the analysis obtained from extracts of maize plants. Six compounds are identified by
mass spectrometry. These compounds have been identified as glucoconjugated DIMBOA
(2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one) and similar molecules that differ by the
number of methoxy groups in the benzene ring and/or by the N-O methylation of the
hydroxamate function. This example clearly shows the influence of the analyte on the type
of observed molecular species. Indeed, the presence of an acidic group in the compound
from peak 1 allows mainly the detection of deprotonated molecular ions, whereas the
compound from peak 4 does not contain an acid group and thus leads only to the formation
of adduct ions.

1.13 Atmospheric Pressure Photoionization

The APPI source is one of the last arrivals of atmospheric pressure sources [80, 81]. The
principle is to use photons to ionize gas-phase molecules. The scheme of an APPI source
isshown in Figure 1.34. The samplein solution is vaporized by a heated nebulizer similar
to the one used in APCI. After vaporization, the analyte interacts with photons emitted
by adischarge lamp. These photons induce a series of gas-phase reactions that lead to the
ionization of the sample molecules. The APPI source is thus amodified APCI source. The
main difference is the use of a discharge lamp emitting photons rather than the corona
discharge needle emitting electrons. Several APPI sources have been devel oped since 2005
and arecommercialy available. Theinterest in the photoionizationisthat it hasthe potential
to ionize compounds that are not ionizable by APCI and ESI, and in particular, compounds
that are non-polar.



1.13 ATMOSPHERIC PRESSURE PHOTOIONIZATION 57

100 -+
80 +
60
40
20 T

RIC

Relative intensity (%)

10 15 20 25
Time (min)

326

MOH Peak #1
SO
N ‘0

100

80 326 M =H)”

_-—
60 OH 342

40

Relative intensity (%)

(M + CH5COO)

134
402
il . | L} 1i

20

s by Vg taaaalagall

v T T
100 200 300 400 500 M/z

356
100 5 Peak #4

HO:- OH
° 'OH
CH,0 O
80 4 EI Iﬁ ' (M + CH,COO)"
0 356

60 ] a— 446

40 7

Relative intensity (%)

20 (M +Cly~
164 422

bt L L ) L h
v T + R e o B |

T v
100 200 300 400 500 M/z

Figure 1.33

HPLC-APCI analysis of a mixture of glucoconjugated com-
pounds related to DIMBOA. Spectrum from peak 4 does not
display the deprotonated molecular species. The molecular
mass (387Da) is deduced from the adducts. The sample is
obtained from extracts of maize plants. Reproduced (modi-
fied) from Cambier V., Hance T., and de Hoffmann E., Phy-
tochem. Anal., 10, 119-126, 1999.

UV lamps generally employed provide photons at higher energy than the ionization
potentials of the analytes but lower than those of the atmospheric gas and of the used
solvents. This allows ions from the analytes to be selectively produced without ion-
izing the solvent, thus considerably reducing the background noise. As suggested by
the data in Figure 1.35, the best lamp is the krypton discharge lamp emitting photons
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Scheme of an APPI source. The sample in solution is introduced perpendicular to the axis
of the analyser. The lamp is located in front of the entrance hole of the analyser. This
source has been designed initially for direct APPI (see text).
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Ionization energy of molecules frequently present in APPI sources (solvents, doping
compounds, air components).
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at 10.0 and 10.6 €V. Indeed, most analytes have ionization energies between 7 and 10eV.
Onthe other hand, air components (nitrogen and oxygen) and most of the common solvents
(methanol, water, acetonitrile, etc.) have higher ionization potentials.

However, the direct ionization of the analyte is generally characterized by a weak effi-
ciency. Thiscan be partially explained by the solvent property to absorb photons producing
photoexcitation without ionization. This reduces the number of photons available for the
direct ionization of the sample, thus reducing the ionization efficiency. Consequently, ion-
ization using doping molecules has also been described. It has indeed been shown that
dopant at relatively high concentrations in comparison with the sample allows generally an
increase in the efficiency of ionization from 10 to 100 times. Thisindicates that the process
isinitiated by the photoionization of the dopant. The dopant must be photoionizable and
able to act as intermediates to ionize the sample molecules. The most commonly used
dopants are toluene and acetone. Thus, two distinct APPI sources have been described:
direct APPI and dopant APPI.

The mass spectra obtained by the APPI sourcein the positiveion mode are characterized
by the presence of two main types of ions of the molecular species that may coexist [82]:
theradical cation M** and the protonated molecule [M + H] . In direct APPI, the reaction
isthe classical photoionization leading to the radical cation of the molecular species:

M+ hv — M*T 4+ e

However, the often dominant presence of the protonated molecule suggests gas-phase
ion—molecul e reactions after the photoionization. The most likely reaction isthe abstraction
by the molecular ion of an hydrogen atom from a solvent molecule [83]:

M*t +S— [M+H]"+(S—H)*

Inthe presence of adopant inthe positiveion mode, thefirst step of theionization process
isthe production of aradical ion from the dopant molecule by direct photoionization:

D+hv— Dt +e

Thisradical cation may then ionize a solvent molecule by proton transfer, if the proton
affinity of the solvent molecule is higher than that of the deprotonated radical cation.
It seems that the solvent acts as aggregates, having then a higher proton affinity. These
protonated solvent molecules may then ionize analyte molecul es by proton transfer if these
last have a higher proton affinity than the solvent molecules:

D**+S— [S+H]" + (D —H)*

M+[S+H]" — [M+H]*+S
Alternatively, if the ionization energy of the analyteislower than that of the dopant, the
radical cation of the dopant can directly interact with an analyte molecule and ionization

by charge exchange of the analyte can occur to produce the molecular radical cation of the
analyte:

D**+M — M*T+D

Thus, besides the direct photoionization, the analytesin positive APPI mode areionized
either by charge exchange or by proton transfer. The direct ionization and the charge
exchange processes allow the ionization of non-polar compounds. This is not possible
either with APCI or ESI.
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The formation of either the radical cation M** or the protonated [M + H]™ molecule,
or both together, will depend on the relative ionization energies or proton affinities of the
samplemolecules and the sol vent components. Concerning the solvent, the charge exchange
is favoured for solvents with low proton affinity (water, chloroform, cyclohexane, etc.),
while solvents with higher proton affinities (methanol, acetonitrile, etc.) will favour proton
transfer.

APPI isalso efficient in negative ion mode, in so far asadopant is used [84]. Indeed, in
thisionization mode, analysis made without dopant dramatically decreases the sensitivity.
All the reactions leading to the ionization of the analytes are initiated by thermal electrons
produced with the photoionization of the dopant. Hence, solvents of high positive electron
afinity, for example halogenated solvents, inhibit the ionization of all the analytes because
these solvents capture all the available thermal electrons in the source.

Production of the negative molecular ion M*~ by electron capture is possible for any
analyte presenting a positive electron affinity:

M+e — M

This molecular radical anion can also be produced by charge exchange reaction with
O,*~, itsalf produced in the source by electron capture of an oxygen molecule from the
atmosphere. In this case, the electron affinity of the analyte must be higher than 0.45eV,
this value corresponding to the electron affinity of the O, molecule:

O, +e — O
M+0 — M* +0,

Formation of the deprotonated molecular ion is also possible for analytes with high
gas-phase acidity. Thisis dueto the presence in the source of basic species often produced
from the solvent. Solvent evaporated in the source acts as the ionization gas in chemical
ionization, yielding species that can react with the analyte by proton transfer. This reaction
is, however, only possible if the acidity of the analyte is higher than that of the solvent:

M+[S—H]" — [M—H]" +S

Besides the solvent, other species may participate in the proton abstraction from the
analyte molecules. For instance, O,*~ has a strong basicity in the gas phase and may react
with other molecules from the solvent or the analyte by proton transfer. These molecules
must have acidity lower than 1451 kJmol~1, this value corresponding to the gas-phase
acidity of the HO,* species:

S+ 0, — [S—H] +HO,*
M+ O, —> [M — H]™ + HO,*

lonization of analytes by proton abstraction is suppressed if the solvent molecules have
higher gas-phase acidities than the analytes, because then transfer of the proton occurs
in the opposite way, from the solvent to the analyte. In the same way, the presence of
compounds of high gas-phase acidity from the solvent or other additives will suppress the
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ionization of the analyte, even if they have a positive electronic affinity. Thisis probably
due to the neutralization by proton transfer of the O,°*~ ions, leading to the inhibition of all
charge exchange reactions.

Thus, the negative APPI mode will produce molecular ions from the analytes by charge
exchange or by electron capture if they have a sufficient electron affinity. Analytes that
have high gas-phase acidity will be mainly ionized by proton transfer to yield deprotonated
molecular ions.

Compared with APCI, APPI is more sensitive to the experimental conditions. Properties
of solvents, additives, dopants or buffer components can strongly influence the selectivity
or sensitivity of the detection of analytes. Nevertheless, thistechnique allows theionization
of compounds not detectable in APCI or ESI, mainly non-polar compounds. For these
last compounds, APPI is avauable alternative. Thus, APPI is a complementary technique
to APCI and ESI. However, for a given substance it remains difficult to predict which
ionization source (APPI, APCI or ESI) will give the best results. Only preliminary tests
will alow the choice of the best ionization source. APPI appears to be efficient for some
compound classes such as flavonoids, steroids, drugs and their metabolites, pesticides,
polyaromatic hydrocarbons, etc. [85].

1.14 Atmospheric Pressure Secondary Ion
Mass Spectrometry

Some ionization methods have been devel oped in the last few years that allow a sample at
atmospheric pressure and at ground potential to be directly exposed to an ionizing beam.
Some of them allow the exposure of living material, for example afinger.

1.14.1 Desorption Electrospray Ionization

A new ionization method called desorption electrospray ionization (DESI) was described
by Cooks and his co-workers in 2004 [86]. This direct probe exposure method based on
ESI can be used on samples under ambient conditions with no preparation. The principleis
illustrated in Figure 1.36. Anionized stream of solvent that is produced by an ESI sourceis
sprayed on the surface of the analysed sample. The exact mechanism is not yet established,
but it seems that the charged droplets and ions of solvent desorb and extract some sample
material and bounce to the inlet capillary of an atmospheric pressure interface of a mass
spectrometer. The fact is that samples of peptides or proteins produce multiply charged
ions, strongly suggesting dissolution of the analyte in the charged droplet. Furthermore,
the solution that is sprayed can be selected to optimize the signal or selectively to ionize
particular compounds.

The sample may be exposed as such or deposited on a sample holder that may be made
of any material, conducting or non-conducting, provided it does not produce background
noise. Furthermore, the sample can be freely moved or manipulated during the experiment.
An interesting feature is that reactants can be introduced in the spray solution to react with
the sample. Another interesting feature of DESI isthe ability to map the position of analytes
of the native surfaces, such as plant or animal tissues. It has aso been demonstrated that
DESI can be used with thin-layer chromatography [87].
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A pneumatically assisted ion spray source is oriented at 45° to-
wards a sample. The nitrogen spray is adjusted so as to have
a linear speed of the droplets of about 35m s~!. From Takats
Z., Wiseman ]J.M., Gologan B. and Cooks R.G., Science, 306,
471-473, 2004. Reprinted, with permission.

A broad range of compounds, including small non-polar molecules or large polar
molecules like peptides and proteins, have been analysed successfully by DESI. This
method can also detect drug molecules on the surface of the skin. As an example, Figure
1.37 shows the spectrum obtained by exposing the finger of a person after intake of 10mg
of the antihistaminic Loratadine. This drug is characterized by a protonated molecular ion
at m/z 383 with the isotopic distribution at m/z 383/385 due to one chlorine atom. Other
applications include explosives on tanned porcine leather, sections of stems or seeds from
vegetals, and so on. The resulting mass spectra are similar to normal ESI mass spectra.
They show mainly singly or multiply charged molecular ions from small or large analytes,
respectively.

1.14.2 Direct Analysis in Real Time

Thedirect analysisin real time (DART) method has been described by Cody et al. [88] and
commercialized by JEOL. This method allows direct detection of chemicals on surfaces,
in liquids and in gases without the need for sample preparation. All of these analyses take
place under ambient conditionsin aspacejust in front of theinlet of the mass spectrometer.
The sampleis not altered because no exposure to high voltage or to vacuum is required.

In the source, a gas such as helium or nitrogen is introduced and submitted to a beam of
electrons by applying a high-voltage potential between two electrodes as shown in Figure
1.38. lons, el ectrons and neutral specieswith electronic or vibronic excitation are produced.
Thisresulting plasma passes through a series of electrodes designed to remove any charged
species, leaving only neutral species that then interact with the sample and the atmosphere.
It seems that mainly these excited neutral species produce the ionization of the sample
molecules.

Several mechanismsinvolved inion formation are possible, depending on the analysed
molecule and the operating conditions like the polarity and the gas used. In positive ion
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Figure 1.37
Spectrum obtained by DESI exposure of the finger of a person after
intake of 10 mg Loratadine. From Takats Z., Wiseman ].M., Golo-
gan B. and Cooks R.G., Science, 306, 471-473, 2004. Reprinted, with
permission.
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Figure 1.38

Cutaway view of a DART source. Discharge is produced in the
first chamber and the gas then flows into a second chamber where
the ions can be discharged. The gas flows through a tube that can
optionally be heated and then flows out to the sample through a
grid that allows removal of ions of opposite polarity. From Cody
R.B., Laramee J.A. and Dupont Durst H., Anal. Chem., 77, 2297-
2302, 2005. Reprinted, with permission.
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Detection of y-hydroxybutyrate (a) in gin at 10 ppm
and (b) as sodium salt on the rim of a drinking glass.
From Cody R.B., Laramee J.A. and Dupont Durst H.,
Anal. Chem., 77, 2297-2302, 2005. Reprinted, with
permission.

mode, the simplest process is Penning ionization involving transfer of energy from the
excited gas to an analyte, leading to the radical cation of the molecular species:

G"+M— MT"T+G+e

Another ionization processthat isthe main process when helium isused asthe gasis proton
transfer. This type of ionization occurs when metastable helium atoms react with water in
the atmosphere to produce ionized water clusters that can protonate the sample molecule,
leading to the protonated molecule.

Negative ions can be formed by electron capture due to the presence of thermalized
electrons produced by Penning ionization or by surface Penning ionization. Negative ions
can aso be obtained by reactions of analyte molecules with negative ions formed from
atmospheric water and oxygen to produce the deprotonated molecule.

The mechanism involved in desorption of materials from surfaces by this method is
not well understood. One of these mechanisms is the thermal desorption because heating
the gas helps desorption of some analytes. However, the successful analysis by DART
of analytes having little or no vapour pressure indicates that other processes occur. The
transfer of energy to the surface by metastable atoms and molecul es has been proposed as
the mechanism to facilitate desorption and ionization of these analytes.

Hundreds of compounds on different surfaces have been tested, many examples con-
cerning mainly explosives on different surfaces, as well as the analysis of a urine sample
containing the drug ranitidine and the analysis of capsaicin in different parts of a pepper
pod. Detection of y-hydroxybutirate, an illegal drug classified as a sedative-hypnotic, is
shown in Figure 1.39.

DART producesrel atively simplemass spectracharacterized by the presence of two main
types of ions of the molecular species: M** or [M + H]™ in positive ion mode and M*~
or [M — H]~ in negative ion mode. Fragmentation is observed for most of the compounds.
These results appear similar to those obtained with DESI, but no multiply charged ions are
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produced. Consequently, the range of analytes that can be analysed by DART isless broad
than by DESI. Furthermore, DART cannot be used for the spatial analysis of surfaces.

1.15 Inorganic lonization Sources

Mass spectrometry is not only an indispensable tool in organic and biochemical analysis,
but also a powerful technique for inorganic analysis [89-91]. Indeed, over the last 20
yearsthe application of mass spectrometry to inorganic and organometal lic compounds has
revolutionized the analysis of these compounds. Important advances have been made in the
diversification of ionization sources, in the commercia availability of the instruments and
in the fields of applications.

Mass spectrometry is now widely used for inorganic characterization and microsurface
analysis. El isthe preferred ionization sourcefor volatileinorganic compounds, whereasthe
others which are non-volatile may be analysed using ionization sources aready described
such as SIMS, FD, FAB, LD or ESI [92-94]. The example in Figure 1.40 shows the
analysis of orthorhombic sulfur (Sg ring) and Cr(CO),(dpe)., respectively obtained with an
El source and an ESI source.

In addition, quantitative and qualitative elemental analysis of inorganic compoundswith
high accuracy and high sensitivity can be effected by mass spectrometry. For elemental
analysis, atomization of the analysed sample that correspondsto the transformation of solid
meatter in atomic vapour and ionization of these atoms occur in the source. These atoms are
then sorted and counted with the help of mass spectrometry. The complete decomposition
of the sample in the ionization source into its constituent atoms is necessary because
incompl ete decomposition results in complex mass spectrain which isobaric overlap might
cause unsuspected spectral interferences. Furthermore, the distribution of any element in
different species leads to a decrease in sensitivity for this element.

Four techniques based on mass spectrometry are widely used for multi-elemental
trace analysis of inorganic compounds in a wide range of sample types. These tech-
niques are thermal ionization (TI), spark source (SS), glow discharge (GD) and inductively
coupled plasma (ICP) mass spectrometry. In these techniques, atomization and ionization
of the analysed sample are accomplished by volatilization from a heated surface, attack by
electrical discharge, rare-gas ion sputtering and vaporization in a hot flame produced by
inductive coupling.

All of these ionization sources are classical sources used also in optical spectroscopy.
Theonly fundamental differenceisthat these sourcesare not used for atomization/excitation
processes to generate photons but to generate ions.

1.15.1 Thermal Ionization Source

Thermal ionization is based on the production of atomic or molecular ions at the hot surface
of ametal filament [95, 96]. In this ionization source, the sample is deposited on a metal
filament (W, Pt or Re) and an el ectric current is used to heat the metal to ahigh temperature.
Theions are formed by electron transfer from the atom to the filament for positive species
or from the filament to the atom for negative species. The analysed sample can be fixed to
thefilament by depositing drops of the sample solution on the filament surface followed by
evaporation of the solvent to complete dryness, or by using electrodeposition methods.
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Analysis of inorganic compounds by mass spectrometry. Top: EI
spectrum of orthorhombic sulfur (Sg). Bottom: ESI spectrum of
Cr(CO),(dpe),. The last spectrum is redrawn from data taken
from Traeger J.C. and Colton R., Adv. Mass Spectrom., 14, 637-
659, 1998.

Single, double and triple filaments have been broadly used in thermal ionization sources.
In a single filament source, the evaporation and ionization process of the sample are
carried out on the same filament surface. Using a double filament source, the sample is
placed on one filament used for the evaporation while the second filament is left free
for ionization. In this way, it is possible to set the sample evaporation rate and ionization
temperatureindependently, thus separati ng the evaporation from theionization process. This
isinteresting when the vapour pressure of the studied elements reaches high values before
asuitable ionization temperature can be achieved. A triple filament source can be useful to
obtain adirect comparison of two different samples under the same source conditions.

Positive and negative ions can be obtained by the thermal ionization source. High yields
of positive and negative ions are obtained for atoms or molecules with low ionization
potential and with high electron affinity, respectively. Owing to the ionization process and
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their physical parameters, metals can be analysed in positive ion mode, whereas many
non-metals, semimetals and transition metals or their oxides are able to form negative
thermal ions.

In thermal ionization sources, the most abundant ions are usually the singly charged
atomicions. No multiply charged ions can be observed under normal ionization conditions.
Cluster ions occur very seldom. However, some metal compounds lead to abundant metal
oxideions.

For thermal ionization filament sources, the ionization efficiency varies from less than
1% to more than 10 %, depending on the analysed elements. A significant improvement
of ionization efficiency can be observed with the use of athermal ionization cavity (TIC)
source [97]. In this type of thermal source, as schematically displayed in Figure 1.41, a
refractory metal tubeis used instead of afilament to evaporate and ionize the sample. High
ionization temperatures are achieved by using high-energy electron bombardment to heat
the tube. As the sample evaporates, the gaseous atoms interact with each other and with
the inner wall of the cavity to produce ions. Compared with filament sources, the cavity
sources can provide orders-of-magnitude enhancement of the ionization efficiency.

1.15.2 Spark Source

In spark sources, electrical discharges are used to desorb and ionize the analytes from
solid samples [98]. As shown in Figure 1.42, this source consists of a vacuum chamber
in which two electrodes are mounted. A pulsed 1 MHz radio-frequency (RF) voltage of
several kilovoltsis applied in short pulses across a small gap between these two el ectrodes
and produces electrical discharges. If the sample is a metal it can serve as one of the two
electrodes, otherwise it can be mixed with graphite and placed in a cup-shaped el ectrode.

Atomizationisaccomplished by direct heating of the el ectrode by the el ectron component
of thedischarge current and by the discharge plasma. Then, ionization of these atomswhich
occursinthe plasmaisdue mainly to plasmaheating by electrons accel erated by the electric
field. Chemical reactions can also take place in the plasma, leading to the formation of
clusters.

Various types of positive ions are produced in a spark discharge such as singly and
multiply charged atomic ions, polymer ions and heterogeneous compound ions. A spark
source mass spectrum is always characterized by singly and multiply charged ions of the
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major constituents, with adecrease of their intensitieswhen their chargesincrease. Also, the
singly charged species are always the most intense for minor constituents and are usually
the only ones used for analytical purposes. Another abundant class of ions detected in a
spark source is heterogeneous compounds ions formed by the association of the matrix
with hydrogen, carbon, nitrogen and oxygen.

It must be noted that this technique does not provide accurate quantitative analysis.

1.15.3 Glow Discharge Source

A glow discharge (GD) sourceisparticul arly effective at sputtering and ionizing compounds
from solid surfaces[99-101]. This sourceisindicated schematically in Figure 1.43. A glow
discharge source consists of one cathode and one anodein alow-pressure gas (0.1-10 Torr),
usually one of the noble gases. Argon isthe most commonly used gas because of itslow cost
and its high sputtering efficiency. The sample is introduced in this source as the cathode.
Application of an electric current across the electrodes causes breskdown of the gas and
the acceleration of electrons and positive ions towards the oppositely charged electrodes.
Argon ions from the resulting plasma attack by bombardment the analyte at the surface
of the cathode. Collisions of these energetic particles on the surface transfer their kinetic
energy. The species near the surface can receive sufficient energy to overcome the lattice
binding and be gjected mainly as neutral atoms. The sample atomsliberated arethen carried
into the negative glow region of the discharge where they are ionized mainly by electron
impact and Penning ionization (Figure 1.43).

A simple DC power supply at voltages of 500-1000V and currents of 1-5mA suffices
to obtain glow discharge. However, pulsed DC discharges allow use of higher peak voltages
and currents, whereas an RF discharge allows the analysis of poorly conducting samples
directly.

The principal application of glow discharge is in bulk metal analysis. The conducting
solid samples can be made into an electrode whereas non-conducting materials are com-
pacted with graphite into the electrode for analysis. Solution samples can also be analysed
by drying the sample on a graphite electrode. Other applications such as the examination
of thin films or solution residues are also possible. Glow discharge ion sources can also be
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Schematic diagram of a glow discharge source with sputtering at the
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used in conjunction with laser ablation. The pulse of ablated material enters directly into
the plasma of the glow discharge where it undergoes ionization.

Owingto theionization process, only positiveions can be obtained by the glow discharge
ionization source. Consequently, the spectra obtained with the glow discharge source are
characterized by singly charged positive ions of the sputtered cathode atoms. Almost no
doubly charged ions from the sample are observed. Some diatomic cluster ions are formed
but are normally observed only for major constituents. The noble gas used (usually Ar) and
residual gases such as nitrogen, oxygen and water vapor are always observed.

Only a low net ionization in the discharge is produced. The ionization efficiency is
estimated to be 1 % or less. However, glow discharge produces an atomic vapour represen-
tative of the cathode constituents and the discharge ionization processes are also relatively
non-selective. Also, because most elements are sputtered and ionized with almost the same
efficiency in the source, quantitative analysis without a standard is possible.

It must be noted that glow discharge requires several minutes for the extracted ions to
reach equilibrium with elemental concentrations in the analysed sample. Thus, the sample
throughput with this technique is relatively low.

1.15.4 Inductively Coupled Plasma Source

An inductively coupled plasma source is made up of a hot flame produced by inductive
coupling in which a solution of the sample is introduced as a spray [102-104]. This
source consists of three concentric quartz tubes through which streams of argon flow.
As shown in Figure 1.44, a cooled induction coil surrounds the top of the largest tube.
This coail is powered by an RF generator that produces between 1.5 and 2.5kW at 27 or
40 MHz typically. The gasat atmospheric pressure that sustainsthe plasmaisinitially made
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Figure 1.44

Schematic diagram of an inductively coupled plasma source.

eectricaly conductive by Tesla sparks which lead to the ionization of the flowing argon.
Then, the resulting ions and the produced electrons which are present in the discharge
interact with the high-frequency oscillating inductive field created by the RF current in the
coil. They are consequently accelerated, collide with argon atoms and ionize them. The
released products by thisionization then undergo the same events until the argon ionization
processis balanced by the opposing process corresponding to ion—el ectron recombination.
These colliding species cause heating of the plasma to a temperature of about 10000K.
This temperature requires thermal isolation from the outer quartz tubes by introducing a
high-velocity flow of argon of about 101 min~* tangentially along the walls of these tubes.

The sample is carried into the hot plasma as a thermally generated vapour or a finely
divided aerosol of droplets or microparticul ates by argon flowing at about 1| min~* through
the central tube. The high temperatures rapidly desolvate, vaporize and largely atomize the
sample. Furthermore, this plasma at high temperature and at atmospheric pressure is a
very efficient excitation source. The resulting atoms may spend several milliseconds in a
region at atemperature between 5000 and 10 000 K. Under these conditions, most elements
are ionized to singly charged positive ions with an ionization efficiency close to 100 %.
Some elements can be ionized to higher charged states but with very low abundance. lons
are extracted from the plasma and introduced in the mass analyser through a two-stage
vacuum-pumped interface containing two cooled metal skimmers.

The most common introduction of the samples in this source consists of a pneumatic
nebulizer which is driven by the same flow of argon which carries the resulting dropletsin
the plasma. An ultrasonic nebulizer and heated desolvation tube are al so used because they
alow abetter droplet size distribution which increases the load of sample into the plasma.
Generally, the sample solutions are continuously introduced in the nebulizer at the rate of
about 1 ml min~* with the help of a peristaltic pump. However, this is not acceptable with
small-sample solutions. Therefore an aternative method using the flow injection technique
is employed to introduce a small sample of about 100 ul. The sample solution is injected
into areference blank flow so that the sampleistransported in the nebulizer and atransitory
signal is observed.

Other aternative methods of sampleintroduction havebeen applied. A very small volume
of liquid (<20 pl) or solid sample may be introduced in the plasma as a vapour produced
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Figure 1.45

Analytical sensitivity of the elements by ICP-MS.

by electrothermal vaporization (ETV), which vaporizes the sample by flash evaporation
from a filament heated by a current pulse. In this case, the sample vapour is produced in
a short time of a few seconds and is transferred to the plasma as a gas. Solid samples at
atmospheric pressure can aso be introduced by laser ablation. This technique aso allows
spatial analysis of the surface of a sample.

It must be noted that handling samples in solution allows automation and high sample
throughput. Indeed, the sample throughput for an ICP-MS instrument is typically 20-30
elemental determinationsin afew minutes, depending on such factors as the concentration
levels and precision required. Handling solution samples includes other advantages such
as the record and the subtraction of a true blank spectrum, the adjustment of the dynamic
range by dilution, the simplicity of adding internal standards, etc.

1.15.5 Practical Considerations

When compared with optical spectrometric techniques of elemental analysis, thetechniques
based on mass spectrometry provide an increase in sensitivity and in analytical working
range of some orders of magnitude. For instance, the detection limitswith ICP-M Sarethree
orders of magnitude better than | CP-optical emission spectrometry (ICP-OES). Figure 1.45
shows the maximum sensitivity obtained for the different elements, using an ICP-MS
coupling with a quadrupole.

These techniques are relatively interference free but there are, nevertheless, two major
types of interferences. A first typeis the matrix interferences which induce suppression or
enhancement of theanaytesignal. Suchinterferencesaredueto identity and composition of
the sampleitself. Asthey cause differences between samples and standards for a particular
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element concentration, they lead to quantitative errors. Matrix effects are generally more
serious with these techniques than with optical spectrometric techniques.

However, the most common interferences are the spectral interferences, also called
isobaric interferences. They are due to overlapping peaks which can mask the analyte
of interest and can give erroneous results. Such interferences may occur from ions of
other elements within the sample matrix, elemental combination, oxide formation, doubly
charged ions, and so on.

A solution to the overlapping peaks problem consists of identifying the interfering
species and applying corrections for their contribution to the signal from the analyte. Cor-
rections are based on identifying an isotope of the suspected interfering element that does
not itself suffer from spectral interference and that can be measured with a sufficiently
accurate signal. Then, knowing the relative natural abundance of the isotopes, the contribu-
tion of thisinterfering element to the signal at the mass of interest can be calculated. This
correction is not appropriate when the interference is many times more abundant than the
analyte because the error on the measurement can be too large.

Another very straightforward solution to the overlapping peaks problem is to increase
theresol ution power of the mass spectrometer. High-resol ution mass spectrometers havethe
ability to resolve many isobaric interferences from the analyte and thus allow unambiguous
guantitative analysis to be carried out. However, it should be noted that the sensitivity
decreases when the resolution increases.

1.16 Gas-Phase Ion—-Molecule Reactions

While El does not imply any ion—molecule reactions, the latter provide the whole basis of
Cl and of al the API methods. Other ionization methods give rise to ion—molecul e reactions
as secondary processes. We will now emphasize some characteristics of these gas-phase
reactions and compare them with condensed-phase reactions.

Figure1.46 displaystheenergy characteristicsof both thegas-phase and agueous sol ution
phase for the substitution reaction [105]:

Cl~ + CH3Br — CH3Cl + Br—

Inthe condensed phase, moleculesand afortiori ionsarestrongly solvated. Thissolvation
cagemust beat least partially destroyed in order to form the activated complex. Thisrequires
alot of energy and high activation energies are thus observed. Furthermore, each species
mingles with the surrounding molecules and continuously exchanges energy.

In the gas phase the opposite occurs: the naked ion interaction with the molecule is
exothermic, which leads to the formation of an ion—molecule complex. Some activation
energy thus becomes necessary in order to transform the Cl—-CH3Br complex into the
activated complex and finally into Br—-CH3Cl. Ascan be seenin Figure 1.46, thisactivation
energy is generally lower than the energy produced by the first step. Thus, if compared
with the starting reactants, the actual activation energy is negative. Another very important
difference must be noted: the mass spectrometry literature refers to the gas phase but this
association with conventional gases is incorrect. Indeed, the reacting species generally
considered in mass spectrometry do not interact with each other, owing to the low pressure,
and thus do not continuously exchange energy with surrounding molecules. They are never
present as an equilibrium phase. Hence the energy produced by the association of the ion
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Table 1.4 Rate constants for the reaction
CH;Br + OH~ &2 CH;OH + Br~ for naked and solvated
ions in the gas phase and in aqueous solution.

Hydroxide ion Rate constant (cm® mol~1s™1)
OH- (LO+£0.2) x 107°°
OH~-H,0 (6.3+25) x 10710
OH~-(H,0), (2+£1) x 1022

OH~-(H,0)3 <2 x 10713

Ag. sol. OH~-(H0)x 23x10°%

46 kJ/imol
cas | I 33 ky/mol
PHASE

CrCHBr o= ey
>
23
o
C
0
S 368 kJ/mol
g P
8 [Cl.o. . e Bﬂ

H

CI™+ CH3Br

Br + CHsCl
REACTION COORDINATE

Figure 1.46

Potential energy diagram for a substitution reac-
tion in the gas phase and in solution in water. Re-
produced (modified), with permission from Mclver
R.T., Sci. Am., 243, 148, 1980.

with the molecule remains in the complex, thereby allowing it to overcome the activation
barrier. Deactivation through radiation is a relatively slow process. This energy further
allows the separation of the products into free the Br~ ion and CH3Cl molecules.

Figure 1.47 displays the results obtained by measuring the kinetic and thermodynamic
parameters for the following reaction [106]:

OH™ + CH3Br <= Br~ + CH3OH
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Table 1.5 Definition of most important gas-phase

thermodynamic data.

Gas-phase basicity
M+H* &2 MH*

PA = —AH°GB = —AG°
Exothermic

Gas-phase acidity
AHEZ2 A~ +H*
AH°acip and AGacip
Endothermic

lonization energy (1E)
ME Mt +e

IE= AH°
Endothermic

Electron affinity (EA)

M+e 2 M*-

EA = —AH°

Exothermic or weakly endothermic

Note. The same values are available for radicals instead of molecules.

A B
OH™ + CHZBr == OH .CH Br == CH,OH.Br" == CH;OH+Br"
OH +A

OH.H,0 +A

|oH"2H,0 + A

OH™.3H,0 +A

Potential energy (kcal mol™1)
&
o
1

i A
OH™ .xH,0+A 2“?
-120 A
Br~.xH,0+B
Reaction coordinates
Figure 1.47

(A) CH;Br; (B) CH30H. Potential energy profile for differently
solvated ions reacting with molecules. Reproduced (modified),
with permission from Bohme D.K. and Mackay G.I., J. Am.
Chem. Soc., 103, 978, 1981.

In this case, the authors succeeded in measuring separately the reaction characteristics
both for the naked OH ™~ ion and for theion solvated by one to three water molecules. Asthe
number of water molecul esincreases, the shape of the curves approachesthat for thereaction
in aqueous solution. The observed rate constants are given in Table 1.4. The rate constant
for the gas-phase ion—-molecule reaction is 10 times greater than the rate observed in
solution. This experimentally observed factor goes up to 10%° in the case of other reactions.

Let us now address another problem: are all the ion—molecul e reactions possible?

The aim of this section is to give an overview of the factors determining the formation
of the various types of ions encountered in the different ionization modes. Exceptions
and examples are given in the sections dedicated to the ionization methods and to the

fragmentations.
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Table 1.6 Gas-phase basicities (k] mol~!) showing the influence of
the protonated atoms and of the substituents. Note that the phenyl
group is an electron donor in the gas phase.

kJmol GB GB GB

NH, 819  H,0 660  H.S 674

CH3NH, 864  CHsOH 724 CHsSH 742

(CoHs),NH 878  (CHs),0 801  (CHs),S 801

PhNH. 851  PhOH 786 CHsCHO 736
O e o m e

In (kreact /kcoll)
N
|

&
O

_3
g
—4- i)
-5
-40 -30 -20 -10 10
AG°,qg (kcal mol-1)
Figure 1.48

The natural logarithm of the number of reac-
tions per collision ratio indicates that the pro-
ton transfer is almost 100 % efficient when
the process is exergonic. When it becomes
endergonic, the efficiency drops sharply. Re-
produced (modified), with permission from
Bohme D., Mackay G.I. and Schiff H.L., ].
Chem. Phys., 73, 4976, 1980.

This section will use gas-phase thermochemical data from Appendices 6 for molecules
and 7 for radicals. These data include ionization energy (1E), electron affinity (EA), proton
affinity (PA), gas-phasebasicity (GB) and gas-phase acidity. Definitions of these parameters
aregivenin Table 1.5. Some values of gas-phase basicities are given in Table 1.6.

Figure 1.48 displays experimental results of proton transfer under chemical ionization
conditions. Exergonic reactions, that is G° < 0, are highly efficient, almost every collision
giving rise to aproton transfer. However, the efficiency decreases sharply when the process
becomes endergonic [107].

G° valuesfor someacids and bases can befound in the appendi cesto thisbook. Extensive
values can be found in reference [108] or by internet at www.webbook.nist.gov.
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As an example, let us examine whether or not the proton transfer from protonated
ammoniato neutral anilineis efficient:

NH3"
+ NH, —— @ + NHj

From the individual AG° values, equa to —GB, the AG® value for this reaction is
calculated:

NH,

NH," - NHz + H* AG® = —(-819) kImol1

NH5"

+HY —— @ AG® = -851 kJ mol—1
NH3"

+ NH, — @ + NHj AG® =-32 kJmol~1

In astandard source, the reaction being exergonic, the proton transfer from ammonium
to aniline will be very efficient. Note that in the source we are dealing here with efficiency
at each collision, not with equilibrium. Under the high-vacuum conditions, equilibrium is
not established. This example was selected because it shows that, in the gas phase, aniline
isactually a stronger base than ammonia. The importance of solvation is thus emphasized
once again. On the other hand, the methylamine is more basic than aniline:

NH,

NH,

CH3-NH, + HY —— CH3—NH3"  AG°=-864 kJmol-1

NH3" NH,
@ — @ + H' AG® = —(-851) kJmol-1

NH3" NH,
+ CHa-NH, — @ 4+ CHy-NHs"  AG°=-13kJmol-t

1.17 Formation and Fragmentation of Ions: Basic Rules

The aim of this section is to give an overview of the factors determining the formation
of the various types of ions encountered in the different ionization modes. Exceptions
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and examples are given in the sections dedicated to the ionization methods and to the
fragmentations.

1.17.1 Electron Ionization and Photoionization Under Vacuum

These reactions occur under high vacuum. Thus, no ion—-molecule reaction occurs. The
species formed during the ionization process is a radical cation. lonization efficiency
depends on the ionization energy of the molecule. The presence or not of the molecular
ions also depends on how easy it fragments.

Fragmentation often produces both a radical and a cation. This can be represented by
the following equation:

. rt+
RR &~ — R+ R
\ R+ + R,_

The factor that determines which of the fragments is a radical or a cation can be
emphasized as a competition between two cations to capture the electron:

Rt...e ...R™T

Asthe fragment with the higher propensity to retain the electron should have the higher
ionization energy, the fragment observed in the spectrum as a cation is the one having the
lowest ionization energy. The other one, having the highest ionization energy, takes the
electron to be aradical. This is the origin of the Stevenson rule that will be explained in
Chapter 7 on fragmentation.

1.17.2 Ionization at Low Pressure or at Atmospheric Pressure

The Cl source operates at low pressure. lon—molecule reactions occur and are needed
for sample ionization. The MALDI source is under vacuum, but during the ionization
process the pressure increases in the plume close to the target and ion—molecule reactions
occur. The various sources operating at atmospheric pressureinclude ESI, APCI, APPI and
AP-MALDI. All these sources operate at sufficient pressure to have numerous collisions
between ions and molecules, and reactions between these species are observed.

It is worth noting that reactions between neutrals produced by fragmentations and ions
are not observed. This is due to the fact that, whatever the ionization method, only a
small fraction of the analyte molecules are ionized, and their fragments are at even lower
concentrations. The probability of a collision is thus too low. Similarly, under normal
conditions, no collision between ionsis observed.

However, reactions may be observed between an ion and a neutral both resulting from
the fragmentation of one precursor ion, immediately after cleavage, provided they remain
associated for sometime. Thistimeisrarely more than afew microseconds. This can occur
aswell under vacuum as at higher pressure.

1.17.3 Proton Transfer

Proton transfer to produce a cation or an anion is the most often observed ion—molecule
reaction in sources that allow collisions. The general rule is that the proton affinity of
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the proton acceptor (neutral or anion) has to be higher than the proton affinity of the
donor (cation or neutral). If there is a difference in proton affinity such that the reaction is
exergonic, the transfer occurs at each collision (see Figure 1.48).

The protonated molecule fragments, if necessary after activation. The fragments do not
aways result from the cleavage of only one bond, as this can lead to the formation of a
radical fragment and aradical cation, avery unfavorable process. The pathway isthus often
more complicated than for radical cations. It can be represented as follows:

M+ HY ——>  MH*

+
e — Fl + F2H
\

FIH* + F2

Fl - H - F2

Here the competition is between two fragments for a proton. The fragment with the
highest gas-phase basicity gets the proton. For negative ions a similar rule applies, but
now it is the most acidic species that carries the negative charge. This is analogous to the
competition seen before, about El, between two ions for an electron.

A similar competition already exists at the ion formation stage in the source. For this
reason, in the presence of a solvent having a certain proton affinity, it is not possible to see
the protonated cation of an analyte having alower proton affinity. It is, however, possibleto
observe an adduct with another cation, such as sodium, ammonium, and so on. The reverse
istrue for negative ions. Here too, adducts with anions as chloride, acetate, and so on may
be observed.

Similarly, if two analytes in a mixture have a marked difference of acidity or basicity,
only oneis observed in the spectrum: the best proton acceptor in positive ion mode, or the
best proton donor in negative ion mode. However, at low concentrations the competition is
less obvious, and both ions can sometimes be observed together.

1.17.4 Adduct Formation

An adduct is an ion formed by direct combination of a neutral molecule and an ‘ionizing’
ion other than the proton. In positive ion mode the most often observed is the sodium
adduct, producing an ion with 22 mass units higher than the protonated molecule, that is
(M + 23)* instead of (M + 1)™. It is often accompanied by a potassium adduct, another
16 u higher:

M + Na" —s (M + Na)*

Extended tables of gas-phase proton affinity exist. Thisisnot true for the affinity towards
metal ions. To attach a proton a basic site is needed. Binding a sodium ion requires the
availability of several electron pairsin its surrounding. Sugars for example are not basic,
but a sodium ion may find many electron pairs. This is why the protonated molecule is
difficult to observein the mass spectrum if the solution is not carefully desalted. Otherwise,
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the sodium adduct is dominant. If ammonium salt is present it can aso form adducts
(M + NHy4)* because of its ability to form hydrogen bonds.

In the negative ion mode, the chloride adduct is often observed yielding (M + 35)~
and (M + 37)~. Asfor the sodium, the chloride ion is always present if the solution is not
desalted. However, it produces fewer adducts than the sodium. The acetateions, if present,
produce (M + 59)~ owing to their ability to form hydrogen bonds.

The addition of ammonium acetate, at low concentration, in APl methods can be in-
teresting to produce protonated or deprotonated species. Indeed, in the heated gas or
heated capillary interface, ammonia or acetic acid evaporates, leaving the corresponding
protonated or deprotonated species. The interest of nitrate adductsin the analysis of sugars
has been recently demonstrated [109, 110].

1.17.5 Formation of Aggregates or Clusters

‘Dimer’ ions such as (M +M +H)* or of higher order ("M +H)™ are often observed.
The proton can be replaced by another cation. ‘Heterodimers' of the genera formula
(M + M’ +H)*, or with a metal cation or of higher order, are also observed. The corre-
sponding ions are also observed in negative ion mode.

It should be noted that the formation of such aggregates in the gas phase causes a
diminution of entropy. To be possible, the formation of such aggregates must be exothermic.
Furthermore, if the partners have similar basicities or affinities for the cation, the cluster
is more stable. Otherwise it dissociates, one of the partners taking the proton, or the
cation, according to the relative stability. Thisiswhy associations of two or more identical
molecules are observed more often or at higher abundances. Indeed, they have the same
affinities of course.

The formation of oligomers has as a consegquence the diminution of the number of
moleculesin the gas phase, and thus occurswith adiminution of the entropy. Asthereaction
must be exergonic to occur, it must be sufficiently exothermic, at least to compensate for
the entropy loss. Once formed, theinternal energy of the oligomer should be reduced, since
it contains a sufficient amount of energy to dissociate. This needs a collision with a third
partner, and this requires a sufficient pressure.

As agenera rule, the abundance is reduced when the number of associated molecules
increases. However, some specific aggregates, resulting from particularly important inter-
actions, are present at particularly high abundance. This occurs often with organometallic
compounds, as the metal triesto complete its electronic shell.

Aggregates are rarely observed in the negative ion mode, because the presence of the
negative charge causes an expansion of the electronic shell, thus reducing the electric field
around the negatively charged ion. This reduces the interactions between the partners.

1.17.6 Reactions at the Interface Between Source and Analyser

Atmospheric pressure sources need to have a device for the desolvation of the ions, such
as a heated capillary, a heated gas curtain, collisions at intermediate pressure in a focus-
ing multipole. The increase in interna energy induces the dissociation of the associated
ion—molecules. Furthermore, the ions are at low pressure and thus the probability of the
reverse reaction is strongly decreased. For example, if amolecule forms acomplex with an
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ammonium ion, the ammonia can be evacuated by pumping:

(M +NH )t — (M +H)T + NH3

Thisreaction occurs even if M isless basic than ammonia. So, the protonated molecular
ion of asugar may be formed by desolvatation of itsammoniacal complex.

In negativeion mode, the acetateionisused and acetic acid can be evacuated by pumping
to obtain the deprotonated molecular ion of the analyte:

(M + AcO)~ —> (M — H)~ + AcOH
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2

Mass Analysers

Once the gas-phase ions have been produced, they need to be separated according to their
masses, which must be determined. The physical property of ions that is measured by a
mass analyser is their mass-to-charge ratio (m/z) rather than their mass alone. Therefore, it
should be mentioned that for multiply charged ions the apparent m/z values are fractional
parts of their actual masses.

As there are a great variety of sources, several types of mass analysers have been
developed. Indeed, the separation of ions according to their mass-to-charge ratio can be
based on different principles (Table 2.1). All mass analysers use static or dynamic electric
and magnetic fields that can be alone or combined. Most of the basic differences between
the various common types of mass analyser lie in the manner in which such fields are used
to achieve separation.

Each mass analyser has its advantages and limitations. Analysers can be divided into
two broad classes on the basis of many properties. Scanning analysers transmit the ions of
different massessuccessively a ong atimescale. They are either magnetic sector instruments
with aflight tube in the magnetic field, allowing only the ions of a given mass-to-charge
ratio to go through at a given time, or quadrupole instruments. However, other analysers
allow the simultaneous transmission of al ions, such as the dispersive magnetic analyser,
the TOF mass analyser and the trapped-ion mass analysers that correspond to the ion traps,
the ion cyclotron resonance or the orbitrap instruments. Analysers can be grouped on the
basisof other properties, for exampleion beam versusion trapping types, continuous versus
pulsed analysis, low versus high kinetic energies.

A new type of mass analyser, the orbitrap, was introduced on the market in 2005.
However, the existing mass analysers have continued to be improved. Indeed, to overcome
the limitations of conventional ion traps, linear ion traps (LITs), which have geometries
more closely related to those of quadrupole mass analysers, have been developed. In the
same way, the TOF mass analysers have been improved significantly with the devel opment
of numerous techniques, such as delayed extraction and the reflectron, which are based on
concepts known since the 1960s. The TOF mass analyser requires the ions to be produced
inbundlesand isthusespecially well suited for pulsed laser sources. However, the advent of
ionintroduction techniques such as orthogonal accel eration allowsthe analysis of ionsfrom
a continuous source with a TOF analyser. Fourier transform (FT) ion cyclotron resonance
spectrometers have shown impressive performances at high masses and high resolution.
Thenew orbitrap massanalyser is capable of similar high performance but has more modest
size, complexity and cost.

Another trend in mass analyser development is to combine different analysers in se-
guencein order to increase the versatility and allow multiple experiments to be performed.

Mass Spectrometry: Principles and Applications, Third Edition Edmond de Hoffmann and Vincent Stroobant
© Copyright 2007, John Wiley & Sons Ltd
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Table 2.1 Types of analysers used in mass spectrometry.

Type of analyser Symbol Principle of separation
Electric sector E or ESA Kinetic energy

M agnetic sector B Momentum

Quadrupole Q m/z (trajectory stability)
lon trap IT my/z (resonance frequency)
Time-of-flight TOF Velocity (flight time)
Fourier transform ion cyclotron resonance FTICR m/z (resonance frequency)
Fourier transform orbitrap FT-OT my/z (resonance frequency)

Triple-quadrupole and more recently hybrid instruments, for instance the quadrupole TOF
instrument or the ion trap—FT ion cyclotron resonance mass spectrometer, alow oneto ob-
tain amass spectrum resulting from the decomposition of anion selectedinthefirst analyser.
The time-dependent decomposition of a selected ion can also be observed inion cyclotron
resonance and ion trap instruments. They allow fragments over several generations (MS")
to be observed.

The five main characteristics for measuring the performance of a mass analyser are the
mass range limit, the analysi s speed, the transmi ssion, the mass accuracy and the resolution.

The mass range determines the limit of m/z over which the mass analyser can measure
ions. It isexpressed in Th, or in u for an ion carrying an elementary charge, that isz= 1.

Theanalysis speed, also called the scan speed, isthe rate at which the analyser measures
over a particular mass range. It is expressed in mass units per second (us™?) or in mass
units per millisecond (ums™).

Thetransmission istheratio of the number of ions reaching the detector and the number
of ions entering the mass analyser. The transmission generally includesion losses through
other sections of the mass analyser such as el ectric lenses before and after the analyser. This
should not be confused with the duty cycle. The duty cycleisthe proportion of time during
which a device or system is usefully operated. For a mass spectrometer, the duty cycleis
the part of ions of a particular m/z produced in the source that are effectively analysed. The
duty cycle can be expressed as aratio or as a percentage. It is not a characteristic of the
analyser but is rather a characteristic of the whole mass spectrometer. Duty cycles differ
between different mass spectrometer designs. But the same mass spectrometer can have
different duty cycles because they are also highly dependent on the mode of its operation.
For instance, a quadrupole mass spectrometer used in selected ion monitoring mode (i.e.
detecting only one specificion) hasaduty cycle of 100 %. But when this mass spectrometer
is used in scan mode (i.e. scanning the analyser to detect an m/z range), the duty cycle of
the spectrometer decreases according the proportion of the total observation time spent
for each ion. For a quadrupole mass spectrometer scanning over 1000 amu, the duty cycle
is 1/1000 = 0.1 %. These parameters are closely associated with the sensitivity of a mass
spectrometer. But the sensitivity of an instrument is better described by afactor defined as
the mass spectrometer efficiency that takes into account the duty cycle, the transmission of
the analyser and the efficiency of the detector.

Mass accuracy indicates the accuracy of the m/z provided by the mass analyser. It isthe
difference that is observed between the theoretical m/z (Mineoretica) and the measured m/z
(Mmeasured)- 1t can be expressed in millimass units (mmu) but is often expressed in parts
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Diagram showing the concepts of
peak resolution and valley.

per million (ppm). Mass accuracy islargely linked to the stability and the resolution of the
analyser. A low-resolution instrument cannot provide high accuracy. The precision obtained
on the mass of the analysed sample depends also on the determination of the centroid of
the peak. High mass accuracy has significant applications such as the determination of
elemental composition. This will be discussed in more detail in Chapter 6 on analytical
information.

Last but not |east, thereisthe characteristic of amass analyser concerning the resolution
or itsresolving power. Resolution or resolving power isthe ability of amassanalyser toyield
distinct signals for two ions with a small m/z difference (Figure 2.1). The exact definition
of thesetermsis one of the more confusing subjects of mass spectrometry terminology that
continues to be debated. We will use here the definitions proposed by Marshall [1]. This
will be described in more details in Chapter 6.

Two peaksare considered to beresolved if thevalley betweenthemisequal to 10 % of the
weaker peak intensity when using magnetic or ion cyclotron resonance (ICR) instruments
and 50 % when using quadrupoles, ion trap, TOF, and so on. If Amis the smallest mass
difference for which two peaks with masses m and m+ Am are resolved, the definition of
the resolving power Ris R=nm/Am. Therefore, a greater resolving power corresponds to
the increased ability to distinguish ions with a smaller mass difference.

The resolving power can a so be determined with an isolated peak. Indeed, the resolving
power is also defined using the peak width Am at x% of the peak height. Often x is
taken to be 50% and Am is designated as full width at half maximum (FWHM). The
relationship between the two definitions is obvious for two peaks with equal intensities.
Theresolution full width at x% of the peak height is equal to the resolution at 2x % for the
valley (Figure 2.2).
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Figure 2.2

Left panel: definition of §m at a given height of the peak. Right panel: relationship between the
two definitions of resolution, resolution full width at x % of the peak height or resolution at
y % of the valley. As the bottom of the valley is the sum of the intensities at the cross, y = 2x.

It should be noted that with the FWHM definition, the resolving power needed to observe
separated peaks could no longer be deduced directly from R. Indeed, as shown in Figure
2.3, when two peaks cross at 50% height, the valley is at 100%. Thus the resolving
power needed to separate them must be higher than the one calculated using the FWHM
definition. With Gaussian peak shapes, the FWHM definition of the resolving power gives
values which are around double that of those obtained by 10 % valley definition.

Low resolution or high resolution is usually used to describe analysers with aresolving
power that isless or greater than about 10 000 (FWHM), respectively. However, thereisno
exact definition of the boundary between these two terms.

Thevarioustypes of massanalyserswill be discussed inthis chapter with adescription of
their principlesof operation. Because each typeof analyser isbased on significantly different
principles, each has unique properties and specifications. The main characteristics of the
different analysers presented in this chapter are summarized in Table 2.2. A description of
the detectors used in mass spectrometry will also be given in Chapter 3.

2.1 Quadrupole Analysers

The quadrupole analyser isadevice which usesthe stahility of thetragjectoriesin oscillating
electric fields to separate ions according to their m/z ratios. The 2D or 3D ion traps are
based on the same principle.

2.1.1 Description

Quadrupole analysers [2, 3] are made up of four rods of circular or, ideally, hyperbolic
section (Figures 2.4 and 2.5). The rods must be perfectly parallel.
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If §m is taken at half maximum height, two
peaks having a mass difference equal to this
width will cross at 50 % height. As the val-
ley depth will be two times this height, it
will be at 100 %. There is thus no separa-
tion.

2r

—(U - Vcos wt)
Ov (U- Vcos ot)

Figure 2.4

Quadrupole instrument made up of the source, the focusing
lenses, the quadrupole cylindrical rods and the detector. Ideally,
the rods should be hyperbolic. Reproduced (modified) from
Kienitz H., Massenspektrometrie, Verlag Chemie, Weinheim,
1968, with permission.

A positive ion entering the space between the rods will be drawn towards a negative
rod. If the potential changes sign before it discharges itself on thisrod, the ion will change
direction.

The principle of the quadrupole was described by Paul and Steinwegen [4], at Bonn
University, in 1953. They started from research work on the strong focusing of ions carried



2.1 QUADRUPOLE ANALYSERS 91

Z)X ¥y =U- Vcos ot

Figure 2.5

Quadrupole with hyperbolic rods and ap-
plied potentials. The equipotential lines
are represented above, on the left.

out in 1951 in Athens by the electrical engineer Christophilos. The quadrupoles have since
been devel oped into commercially availableinstruments by thework of Shoulders, Finnigan
[5] and Story.

lons travelling along the z axis are subjected to the influence of a total electric field
made up of aquadrupolar aternative field superposed on a constant field resulting from the
application of the potentials upon the rods:

®y=+(U — Vcoswt)and —dg = —(U — V cos wt)

In this equation, ®q represents the potential applied to the rods, » the angular frequency
(in radians per second = 27rv, where v is the frequency of the RF field), U is the direct
potential and V is the ‘zero-to-peak’ amplitude of the RF voltage. Typically, U will vary
from 500 to 2000V and V from 0 to 3000V (from —3000 to +3000V peak to peak).

2.1.2 Equations of Motion

The ions accelerated along the z axis enter the space between the quadrupole rods and
maintain their velocity along this axis. However, they are submitted to accelerations along
x and y that result from the forces induced by the electric fields (Figure 2.5):

poopdE_ 00
* dr? ax
Foondy 00
y dr? "y

® isafunction of ®g:

D) = Po(x? — y?)/rg = (x* — y?)(U — V cos wt) /1§
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Differentiating and rearranging the terms | eads to the foll owing equations of the movement
(Paul equation):

d?x  2ze

— 4+ — (U —-Vcoswt)x =0
dt2+mrg( )X
Py  2ze

— —— (U —-Vcoswt)y=0
dr2 mrg( )y

Thetrgectory of anion will be stableif the values of x and y never reach rg, thusif it never
hits the rods. To obtain the values of either x or y during the time, these equations need to
be integrated. The following equation was established in 1866 by the physicist Mathieu in
order to describe the propagation of waves in membranes:

d?u

@Jr(au —2q,00825)u =0
u stands for either x or y. Comparing the preceding equations with this one, and taking into
account that the potential along y has opposite sign to the one along x, the following change
of variables givesto the equations of the movement the form of the Mathieu equation. First,
& isdefined asbeing

t 212
£ = % and thuse? = 2

In the first term of the Paul equation, replacing t? by £2 introduces a factor w?/4. To
compensate for this factor, the whole equation must be multiplied by the reverse, 4/w?. In
the cosine term, 2¢ is egual to wt, as needed in the Paul equations. Incorporating these
changes and rearranging the terms yields the following expressions:

8zeU 4zeV
ay =ax = —ay = ——— and Qu =qx = =4y = 2

ma)zrg ma?r§

Wewill not attempt to integrate these equations [6]. We only need to recognize that they
establish a relationship between the coordinates of an ion and time. Aslong as x and vy,
which determine the position of an ion from the centre of the rods, both remain less than
ro, the ion will be able to pass the quadrupole without touching the rods. Otherwise, the
ion dischargesitself against arod and is not detected. Figure 2.6 shows stable and unstable
trajectories in aquadrupole [7].

For a given quadrupole, rq is constant and o = 2wV is maintained constant. U and V
are the variables. For an ion of any mass, x and y can be determined during a time span
asafunction of U and V. Stahility areas can be represented in an a,, g, diagram. In these
areas the values of U and V are such that x and y do not reach values above or equal to
ro. Figure 2.7 represents these stability areas. The upper part of this figure represents the
stability areas along the x and the y axis respectively. The overlay of these two diagrams
is represented in the lower part of the figure. The regions where the ions will have stable
trgjectories according to both the x and y axes simultaneously are now clearly identified.
Later we will consider the area A with apositive U. The area A is that currently used, with
U either positive or negative. What is true for a positive U symmetrically holds true for a
negative U.



2.1 QUADRUPOLE ANALYSERS 93

Xz plane

yz plane

———— e ——

Stable along both x and y

i \

Xz plane

yz plane

Stable along y, unstable along x

Figure 2.6

Stable and unstable trajectories of ions
in a quadrupole. Reproduced (modi-
fied) from March R.E. and Hughes
R.J., Quadrupole Storage Mass Spec-
trometry, Wiley, New York, 1989,
with permission.

Considering the equations

8zeU 4zeV
= A a=—o5
ma)ro ma)ro
we can deduce
2.2 2.2
m w-r, m w-r,
U=a,——2 and V =g,——>

Thelast termsof both theU and V eguationsisaconstant for agiven quadrupol einstrument,
as they operate at constant . We see that switching from one m/z to another resultsin a
proportional multiplication of a, and ¢, which means changing the scale of the drawing
in U, V coordinates; thus the triangular area A will change from one mass to another, like
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a, Stable along y

Figure 2.7

Stability areas for an ion along
x or y (above) and along x and
y (below); u represents either x
or y. The four stability areas are
labelled A to D and are circled.
The area A is that used commonly
in mass spectrometers and is en-
larged. The direct potential part
is shown for positive U (shaded)
or negative U. From now on we
will consider the positive area. Re-
produced (modified) from March
R.E. and Hughes R.]J., Quadrupole
Storage Mass Spectrometry, Wiley,
New York, 1989, with permission.

proportional triangles. Figure 2.8 represents in a U, V diagram the areas A obtained with
different masses.

We can seein this diagram that scanning along aline maintaining the U/V ratio constant
alows the successive detection of the different masses. So long as the line keeps going
through stability areas, then the higher the slope, the better the resolution.

If U=0, thereisno direct current and the resolution becomes zero. However, the value
of V imposes a minimum on stable masses. Thus, if V isincreased from 0 to V so asto
reach dlightly beyond the stability area my, all of the ions with masses equal to or lower
than my will have an unstable trajectory, and all of those with masses above m; will have a
stable trgjectory.

In practice, the highest detectable m/z ratio is about 4000 Th, and the resolution hovers
around 3000. Thus, beyond 3000 u the isotope clusters are no longer clearly resolved. As
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u

Figure 2.8

Stability areas as a function of U and V for ions with different
masses (11 < my <ms3). Changing U linearly as a function of V,
we obtain a straight operating line that allows us to observe those
ions successively. A line with a higher slope would give us a higher
resolution, so long as it goes through the stability areas. Keeping
U =0 (no direct potential) we obtain zero resolution. All of the
ions have a stable trajectory so long as V is within the limits
of their stability area. Reproduced (modified) from March R.E.
and Hughes R.]., Quadrupole Storage Mass Spectrometry, Wiley,
New York, 1989, with permission.

is shown in Figure 2.8, adjusting the slope of the operating line allows us to increase the
resolution. The resolution normally obtained is not sufficient to deduce the elementary
analysis. Usually, quadrupole mass spectrometers are operated at unit resolution, that is
aresolution that is sufficient to separate two peaks one mass unit apart. Quadrupoles are
low-resolution instruments.

Operating at constant §m, quadrupolesrequire the scanning to be carried out at auniform
velocity throughout the entire mass range, as opposed to the magnetic instruments, which
require an exponential scanning.

The quadrupoleis areal mass-to-charge ratio analyser. It does not depend on the kinetic
energy of the ions when they leave the source. The only requirements are, first, that the
time for crossing the analyser is short compared with the time necessary to switch from
one mass to the other, and, second, that the ions remain long enough between the rods
for a few oscillations of the aternative potential to occur. This means that the kinetic
energy at the source exit must range from one to a few hundred electronvolts. The weak
potentialsin the source allow arelatively large tolerance on the pressure. Asthe scan speed
can easily reach 1000 Ths™! and more, this analyser is well suited to chromatographic
coupling.

These quadrupoles also have the property of focusing the trgjectory of the ions towards
the centre of the quadrupole. Consider the diagram in Figure 2.9. The potential energy
of the positive ion located at the centre of the rods of a quadrupole increases if it comes
nearer apositiverod. Conversely, it decreasesif it comes nearer to anegative rod. However,
the alternative field actually spins the potentias, alternating the ‘wells' and the ‘hills'. If
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Figure 2.9

A positive ion, represented within a dotted circle, is at the
centre of a quadrupole rod, the potential signs of which are
indicated. It goes down the potential ‘valley’ with respect to
the negative rods, and acquires some kinetic energy in that
direction. However, the potentials quickly change, so that the
kinetic energy is converted into potential energy and the ion
goes back to the centre of the rods, as would happen for a ball
on a horse’s saddle that is turned quickly. The name ‘saddle
field’ is an allusion to this phenomenon.

the frequency is sufficient, an ion that starts coming down the slope towards a negative
barrier is caught in the positive potential well and is thus brought back to the centre of the
quadrupole rods.

2.1.3 Ion Guide and Collision Cell

We saw that ions of all m/z ratios higher than some lower limit have a stable trajectory
when there is no direct potential as long as V is within the limit of their stability area.
When U is equal to zero (quadrupole operating in the RF only mode) all of the ions with
amass higher than a given limit selected by adjusting the value of the RF voltage V have
a stable tragjectory. But the transmission of ions with high masses suffers from their poorer
focusing. Indeed, the efficiency of focusing depends on the depth of the effective potential
well, which isinversely proportional to m/z. Consequently, ions with high m/z are wesakly
focused and may be lost on the rods. Therefore, such quadrupole operating in the RF-only
mode causes all of theionswithin the transmission mass range to be systematically brought
back to the centre of the rods, even if they are deflected by a collision or come close to the
rods because of their initia trgjectories. The ions below this mass range are lost because



2.1 QUADRUPOLE ANALYSERS 97

they follow an unstable trajectory, whereas the ions above this mass range are | ost because
they are poorly focused.

To increase the transmission of ions with high masses by a more efficient focalization,
the RF voltage V is increased. Indeed, the depth of the effective potential well, which
influences the efficiency of focusing, is proportional to V2. However, the lower observable
m/z limit will be higher if V isincreased. Thereisthusacompromiseto find between |oss of
heavy ions by lack of focusing and loss of light ions by unstable trajectory. When the mass
spectrometer requires ion transmission across awider mass range, the RF voltage V can be
modulated during spectrum acquisition, providing alarger transmission window averaged
over time. However, all heavy ions are poorly focused when V islow and all light ions are
lost when V is high.

It is often necessary to transport ions as efficiently as possible from one point of the
spectrometer to another without mass separation. For instance, ionsproduced in atmospheric
pressure sources require to be transported across a varying pressure region to the analyser
working under high vacuum. However, some phenomena lead to the loss of ions during
their transport. L oss of a significant number of ionsinduces alow sensitivity if many of the
ions formed in the source are lost before they reach the analyser. The most important event
inducing the loss of ions is caused by their collision with the residual gas molecules. The
trajectory of ions can also be affected by space charge effects. This effect is a consequence
of the mutual repulsion between particles of like charge that causes beams or packets of
charged particles to expand over time.

To obtain an effective transmission, it is necessary to reduce by focalization the loss of
ions during their transport. The ion guide, also caled an ion focusing device, is used for
this purpose. They are designed to transport all ions efficiently and transmit them simulta-
neously. Thus, it is necessary to have good transmission efficiency across the largest mass
range. In the same way as for the collision cells, the focusing of ions that are dispersed an-
gularly by the collisionsisimportant to increase the transmission of ions after the collisions.

As discussed above, the quadrupoles operating in RF-only mode have the property to
focusthe tragjectory of ions. Therefore, they have been exploited in ion guides and collision
cells. The use of quadrupoles as ion guides or ion focusing devices has been extended to
other multipoles as hexapoles and octapoles. The principles of hexapole and octapole ion
guidesare similar to the principles applying to the quadrupole. They consist of six and eight
parallel rods, respectively, placed symmetrically to form along tube around the ion transfer
axis. These rods are connected in two pairs of three or four non-adjacent rods, respectively.
An RFvoltageV isapplied to therods, with apolarity inverted from onerod to the next one.
In this way, an effective potential, which presents a well shape, trap and focus effectively
the trgjectory of the ions in two dimensions along the axis of the guide. This potential,
which determines if the ion travelling through the rod assembly is effectively focused, is
given by the following equation:

U@r) = nzzzezVz/(4mr§a)2)(r/ro)z”’2

In this equation, 2n represents the number of rods and r is the radial distance from the
centre of the rods.

As an ion moves from the centre of the multipole towards any one of the rods, the
potential increasesto reach amaximum at the surface of therod. For the quadrupole (n= 2),
the potential varies as (r/rq)?, whereas the hexapole (n = 3) and the octapole (n= 4) have
potentialsthat vary as (r/ro)* and (r/ro)®, respectively. Consequently, the potential produced
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Table 2.3 Main characteristics of different multipoles.

Mass range for simultaneous

Type Focusing power transmission of ions
Quadrupole High Narrow
Hexapole

Octapole Low Wide

by the quadrupole quickly increases when the ion leaves the axis, while the octapole has
a softer potential around the centre but a steeper potential close to the rods. Furthermore,
for the same conditions, the maximum potential generated by an octapole has an amplitude
that is four times higher than the potential generated by a quadrupole.

Owing to the shape of its potential well, the quadrupole ion guide is superior to the
other multipolesin its power to focus ions towards the axis of theion guide. Therefore, its
transmission efficiency is better than the other multipoles. However, because of the weakest
amplitude of its potential well, the excellent transmission efficiency of the quadrupole
does not apply across a large mass range. Indeed, compared with the other multipoles,
quadrupoles are characterized by the narrowest mass range for simultaneous transmission
of ions. On the other hand, octapoles, which are exclusively used as ion guides, offer a
lower power to focusions but across a much larger mass range. Table 2.3 summarizes the
main characteristics of these various multipoles.

It should be mentioned that the extent of the mass range for simultaneous transmission
of ions is not important when the ion guide is combined with a scanning analyser. Indeed,
the efficiency of transmission of the ion guide in the entire mass range of the analyser can
be optimized by varying the RF voltage V during the scanning of the analyser. On the other
hand, analysers such as TOF measure al the ions simultaneously. As a result, this kind of
analyser requiresion guides that transmit al the ions together at the sametimein the entire
mass range of the analyser.

In conclusion, quadrupol es, hexapoles, octapoles and other multipol es operating in RF-
only mode are able to focus efficiently ions from a mass range towards their axis without
significantly affecting the axial kinetic energy of the transmitted ions. They act for a given
mass range as an ion guide or ion focusing device by simultaneously transporting and
transmitting these ions from one compartment of the mass spectrometer to another. As
these devices work at atmospheric pressure as well as under high vacuum, they can serve
to connect high- and low-pressure regions of the mass spectrometer. They can also serve as
collision cells.

2.1.4 Spectrometers with Several Quadrupoles in Tandem

Figure 2.10 shows the general diagram of an instrument with three quadrupoles [8].
Quadrupol e mass spectrometers are symbolized by upper case Q, and RF-only quadrupoles
with a lower case g. A collision gas can be introduced into the central quadrupole at a
pressure such that an ion entering the quadrupol e undergoes one or several collisions.
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Figure 2.10

Diagram of a triple quadrupole instrument. The first and the last
(Q1 and Q3) are mass spectrometers. The centre quadrupole, q2,
is a collision cell made up of a quadrupole using RF only. The
quadrupole mass spectrometers are symbolized by upper case Q,
and the RF-only quadrupoles with a lower case q.
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MS1< |{ CID |{MS2 &
X X

Neutral loss scan

Figure 2.11
Different scan modes for a tandem
mass spectrometer.

When the gasisinert, internal energy istransferred to theion by converting afraction of
thekinetic energy into internal energy. Theion then fragments and the products are analysed
by the quadrupole Q3. The kinetic energy for internal energy transfers is governed by the
laws concerning collisions of a mobile species, the ion, and a static target, the collision
gas. The callisions in these instruments occur at low energy. The conversion of kinetic to
internal energy will be discussed in Chapter 4.

When the gasis reactive, ion—molecul e reactions can be induced. The reaction products
are then analysed by the quadrupole Q3.

These instruments with several analysersin series can be scanned in several ways. The
most important ones are displayed in Figure 2.11.

The first scanning mode consists of selecting an ion with a chosen m/z ratio with the
first spectrometer. Thision collides inside the central quadrupole and reacts or fragments.
The reaction products are analysed by the second mass spectrometer. This is a ‘fragment
ion scan’ or ‘product ion scan’. This method used to be called a‘ daughter scan’.

The second possibility consists of focusing the second spectrometer (Q3) on a selected
ion while scanning the masses using the first spectrometer (Q1). All of theionsthat produce
the ion with the selected mass through reaction or fragmentation are thus detected. This
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method is called ‘ precursor scan’ because the ‘precursor ions' are identified. It used to be
called ‘parent scan’.

In the third common scan mode, both mass spectrometers are scanned together, but with
a constant mass offset between the two. Thus, for a mass difference a, when an ion of
mass m goes through the first mass spectrometer, detection occursif thision hasyielded a
fragment ion of mass (m— a) when it leaves the collision cell. Thisisa‘neutral loss scan’,
the neutral having the mass a. For example, in chemical ionization the alcohol molecular
ion loses a water molecule. Alcohals are thus detected by scanning a neutral loss of 18
mass units. On the other hand, a given mass increase can be detected if areactive gasis
introduced within the collision cell.

2.2 lTon Trap Analysers

Aniontrapisadevicethat usesan oscillating electric field to storeions. Theion trap works
by using an RF quadrupolar field that trapsionsin two or three dimensions. Therefore, ion
traps can be classified into two types: the 3D ion trap or the 2D ion trap.

Historically, the first ion traps were 3D ion traps. They were made up of a circular
electrode, with two ellipsoid caps on the top and the bottom that creates a 3D quadrupolar
field. These traps were also named quadrupole ion traps (QITs). To avoid confusion, this
term should not be used but should be replaced preferably with Paul ion trap. The acronym
QUISTOR derived from quadrupole ion storage is also largely used but not recommended.

Besides 3D ion traps, 2D ion traps have also been developed. They are based on afour-
rod quadrupole ending in lensesthat reflect ionsforwards and backwardsin that quadrupol e.
Therefore, in these 2D ion traps, which are also known as LITs, ions are confined in the
radial dimension by means of a quadrupolar field and in the axial dimension by means of
an electric field at the ends of the trap.

2.2.1 The 3D Ion Trap
2.2.1.1 General Principle

Paul and Steinwedel, the former being the inventor of the quadrupole analyser, described
an‘iontrap’ [9,10] in 1960. It was modified to a useful mass spectrometer by Stafford et al.
[11] at the Finnigan Company. It is made up of acircular electrode, with two ellipsoid caps
on the top and the bottom (Figure 2.12).

Conceptually, a Paul ion trap can be imagined as a quadrupole bent in on itself in order
to form aclosed loop. The inner rod is reduced to a point at the centre of the trap, the outer
rod isthe circular electrode, and the top and bottom rods make up the caps.

The overlapping of a direct potential with an alternative one gives a kind of ‘3D
quadrupol€e’ in which ions of al masses are trapped on a 3D trajectory (Figure 2.12).
The inventors proposed the use of this ion trap as a mass spectrometer by applying a
resonant frequency along z to expel the ions of a given mass.

In quadrupole instruments, the potentials are adjusted so that only ions with a selected
mass go through the rods. The principleisdifferent in this case. lons of different massesare
present together inside the trap, and are expelled according to their masses so as to obtain
the spectrum.
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Figure 2.12

Top: a complete Paul ion trap mass spectrometer
(Finnigan MAT). Bottom: detail of the trap. Right:
figures obtained when injecting a fine dust of alu-
minium in a quadrupolar field such as is encoun-
tered in an ion trap. The particles altogether rotate
along 7 and oscillate along z, yielding a figure-of-
eight trajectory. From Finnigan MAT documenta-
tion. Reprinted, with permission.

As the ions repel each other in the trap, their trgjectories expand as a function of the
time. To avoid ion losses by this expansion, care has to be taken to reduce the trgjectory.
This is accomplished by maintaining in the trap a pressure of helium gas which removes
excess energy from the ions by collision. This pressure hovers around 10~2 Torr (0.13 Pa).
A single high-vacuum pump with a flow of about 401 s~ is sufficient to maintain such a
vacuum compared with the 2501 s~ needed for other mass spectrometers. The instrument
isvery simple and relatively inexpensive.

As is the case with quadrupole instruments, a potential &g, the sum of a direct and
an aternative potential, could be applied to the caps, and —®, to the circular electrode.
However, in most commercial instruments, ®¢ isapplied only to the ring electrode. In both
cases, the resulting field must be seen in three dimensions.

Here again, a mathematical analysis using the Mathieu equations allows us to locate
areasinwhichionsof given masses have astabletrajectory. These areasmay bedisplayedin
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Figure 2.13
Schematic view of a 3D ion trap, and direction of
the x, y and z coordinates.

adiagram asafunction of U, the direct potential, and of V, the amplitude of the alternative
potential. The areas in which the ions are stable are those in which the trajectories never
exceed the dimensions of the trap, zy and ry. Such a diagram appearsin Figure 2.18.

2.2.1.2 Theory of the Paul Ion Trap

In using the Mathieu equations to locate areas where ions of given masses have a stable
trgjectory, the equations are very similar to the ones used for the quadrupole. However,
in the quadrupole, ion motion resulting from the potentials applied to the rods occurs in
two dimensions, x and y, the z motion resulting from the kinetic energy of the ions when
they enter the quadrupole field. In the Paul ion trap the motion of the ions under the
influence of the applied potentials occurs in three dimensions, x, y and z. However, due
to the cylindrical symmetry x? +y? =r?, it can also be expressed using z, r coordinates
(Figure 2.13).

The equations of the movement inside the trap are similar to those encountered for the
quadrupole analyser (Section 2.1.2):

Bu= [au + (Q3/2)]1/2

d’z 4ze

— ——————(U—-Vcoswt)z=0
drz m(rg + 223) ( @1z

d?r 2ze

— 4+ ———5 (U —-Vcoswt)r =0
dr? m(rg + 21%) ( won)r
In these equations, z is used for the number of charges, to avoid confusion with the z
coordinate. The general form of the Mathieu equation, whose solutions are known, is
d?u
@2 + (ay — 2q,c0828)u =0
u stands for either zor r. Thus, the following change of variables gives to the equations of
motion the form of the Mathieu equation, where u stands for either r or z

wt —16zeU 8zeV

T 7:—2(,1,:—, u = = — = T v &
= m(Zrad)e? HTET TS T 0 a2
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Figure 2.14

Left: a type of stable trajectory, corresponding to a purely imaginary solution of
the Mathieu equation, requiring both @ =0 and 0 < 8 <1. Right: a continuously
amplified movement resulting from a not purely imaginary solution. If this occurs
along , the ions will discharge on the wall; if along z, the ions will be expelled and
50 % will reach the detector, the others being expelled in the opposite direction.

To have a stable trgjectory, the movement of the ions must be such that during this
time the coordinates never reach or exceed rq (r-stable) and z, (z-stable). The complete
integration of the Mathieu equation by the method of Floguet and Fourier requires the
use of afunction e *1#), Real solutions correspond to a continuously increasing, and thus
unstable, trgjectory. Only purely imaginary solutions correspond to stabletrajectories. This
requires both « =0and 0 < 8, < 1 (Figure 2.14).

This 8, parameter can be calculated from the g, and a, parameters of the Mathieu
equation. Exact values require the use of long series of terms. The following equation
alows approximate values to be obtained [12]:

1/2
g |a - (w=Dai __ Ga+Dgl (% +58a+29)q;
“ Y20 -1)%-q2 3R, —1)%, —4)  64(a, — 1)° (@, —4) (@, — 9)

A simpler approximate equation holds for q, values lower than 0.4:

Bu = [+ (a2/2]"*

Figure 2.15 displays the iso-8 lines for 8,=0 and B, =1 respectively. One of the
two diagrams refers to the z coordinate and the other to the r coordinate. Remember that
ay, = a,=—2a; and q, = g, =—2¢,. The areainside these limit values for 8, correspondsto
a, g values for a stable trgjectory. However, for an ion to be stable in the ion trap, it must
have a stable trgjectory along both z and r, which correspond to the overlap of the stability
areas of the two diagrams.

This overlap, as displayed in Figure 2.16, shows common areas at different places.
Commercial ion traps use the first stability region, which is circled and enlarged in the
figure.

This stability regionisdisplayed again in Figure 2.17, whereiso- 8 curves are drawn for
intermediate values between 0 and 1.

These areas may also be displayed in adiagram as a function of U, the direct potential,
and of V, the amplitude of the alternative potential. The areas in which theions are stable
are those in which the trajectories never exceed the dimensions of the trap, z; and ro. Such
adiagram appearsin Figure 2.18.
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Stability diagram along r and z respectively for a 3D ion trap.
The iso-B lines for 8, =0 (solid lines) and B, =1 (dotted lines) are
drawn. The areas inside these limits correspond to stable trajecto-
ries for the considered coordinate. They correspond to imaginary
solutions of the Mathieu equation.

Figure 2.16

Stability areas along both r and z in a 3D ion trap.
The common 7 and z stability area used in commer-
cial ion traps is enlarged. This is displayed again in
Figure 2.18. Redrawn and (modified) from March
R.E. and Hughes R.]., Quadrupole Storage Mass
Spectrometry, Wiley, New York, 1989, with per-

mission.

Two other important parameters depending on g, or 8 will be considered. First, if an RF
voltage with an angular velocity w = 27t v is applied to the trap, theionswill not oscillate at
thissame ‘fundamental’ v frequency because of their inertia, which causesthem to oscillate
at a‘secular’ frequency f, lower than v, and decreasing with increasing masses. It should
be noted that a, and q,, and thus 8, areinversely proportional to the m/z ratio. The relation
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Figure 2.17

Typical stability diagram for a 3D ion trap.
The value at 8, =1 along the g, axis is g, =
0.908. At the upper apex, a,=0.149 998
and ¢,=0.780909. Drawn with data
taken from March R.E and R.J. Hughes,
Quadrupole Storage Mass Spectrometry,
Chemical Analysis Vol. 102, Wiley Inter-
science, 1989.

between v and f along the zaxisis

Jo=Bv/2

As the maximum value of B for a stable trajectory is 8 =1, the maximum secular
frequency f, of an ion will be haf the fundamental v frequency. We will see later on that
thisisimportant for ion excitation or for resonant expulsion.

The second important parameter which is a function of g, is the Dehmelt pseudopoten-
tial well. The trapping efficiency of ions injected in the trap can be described using the
pseudopotential well given by the following equation:

— \% eV?
D

S R Y

2.2.1.3 Injection or Production of lons in the Trap

The first commercially available ion traps where coupled to a gas chromatograph (GC),
which provided helium for ion cooling. lonization occurred in the trap by injection of
electrons through an end cap. Some GC/MS" ion traps till use this internal ionization.
Most instruments have an external source. Figure 2.19 shows a popular ion trap instrument
with an external ion source, the Finnigan LCQ. lons produced in the source are focused
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Figure 2.18

Stability areas [14] for ions simultaneously stable along
r and z. The mass-to-charge ratios of the ions displayed
are 10, 50 and 100 Th. The trap being considered has a
diameter of 1 cm and operates at a frequency of 1.1 MHz
[14]. Under such conditions, all the ions have a stable tra-
jectory for U = 0 if their mass is lower than 0.108 x V.
For instance, a 1 Th ion has a stable trajectory up to
V' =1/0.108=9.26 V. As shown, a 50Th ion is unsta-
ble starting from V = 463 V. Increasing V destabilizes
the trajectories of ions having an increasingly high mass-
to-charge ratio. Reproduced from March R.E. and R.].
Hughes, Quadrupole Storage Mass Spectrometry, Chem-
ical Analysis Vol. 102, Wiley Interscience, 1989 pg 199,
with permission.
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Figure 2.19

A 3D ion trap with an external ESI source (Finnigan LCQ). Ions produced by the
ESI source are focused through a skimmer and octapole lenses to the ion trap. The
gating lens is used to limit the number of ions injected in the trap, to avoid space
charge effects (see further).
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through a skimmer and two RF-only octapoles. Differential pumping ensures the vacuum
in the trap, while the source is at atmospheric pressure. A gating lens limits the number
of injected ions to an acceptable limit. Indeed, too many ions in the trap causes a loss of
resolution, and too few aloss of sensitivity. The gating lens acts as follows. For positive
ions, a positive potential is applied, except during injection of ions, which occurs when a
negative potential is applied. The following sequence of events is used. First, a negative
potentia is applied for a fixed time, and the number of ions in the trap is measured by

expelling them together to the detector. From the value obtained, agating timeis calcul ated
S0 asto inject the selected number of ions.

2.2.1.4 Mass Analysis of Ions in a Paul Ion Trap

After ion injection, the ions of different masses are stored together in the trap. They must
now be analysed according to their mass. Most commercial traps operate by applying a
fundamental RF voltage to the ring. Its frequency is constant, but its amplitude V can be
varied. Additional RF voltages of selected frequencies and amplitudes can be applied to
the end caps. Figure 2.20 schematically represents the wiring of such an ion trap. In this

lons injection
from source

End-cap
electrode

Ring Y/
=N
g

End Conversion dynode

S

Preamplifier
cap ar:gu?t'ﬁ)fg?“ "ion counter”
RF Generator vaggﬁlejlrgtor
Fundamental Scan —p» lon ejection or
RF voltage (€=t  acquisition extitation
processor

Figure 2.20

Ton trap with an RF voltage applied to the ring electrode, providing
the fundamental frequency v and its associated variable amplitude
V. Instead of injecting ions, electrons may be injected for internal

ionization. Variable RF voltage can be applied to the end caps for ion
excitation or ion ejection.
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example, no DC voltageisapplied. Other ion traps allow the application of DC voltagestoo.
To explainthe principleof ion analysis, wewill consider aniontrapwired asin Figure 2.20.

2.2.1.5 Mass Analysis by Ion Ejection at the Stability Limit

Asno DC voltage is applied, the 3D trap will be operated along the q, axis, because in the
absence of DC voltage, a, = 0. Asaready explained, g, is given by the following equation:

8zeV

ET iz

As the frequency isfixed, o is afixed value. We will consider only monocharged ions
(z=1): e, the elementary charge, is a constant and ro and z, are constant for a given trap;
0. will increase if V increases, and decrease if mincreases. Thisis represented in Figure
2.21, where higher mass ions are represented by larger balls. If V isincreased, all theions
will have a higher g, value. If this value is equal to 0.908, 8 is equal to one, and the ion

aZ
0.1 -
0 ol
a, 1 Vo>V,
0.1
unstable
0
T T T T >
0.2 0.4 0.6 0.8 0.1 aq,
Figure 2.21

At a fixed value of the RF potential V applied to the
ring electrode, heavier ions will have lower B8, values,
and thus lower secular frequencies. If V is increased,
B. values increase for all the ions, and thus also the
secular frequencies. In the example given, the lightest
ion now has a B, value larger than one, and is thus
expelled from the 3D trap. The highest mass that can
be analysed depends on the limit V value that can be
applied: around 7000 to 8000V zero to peak. For a trap
having 7y equal to 1 cm and operating at a frequency v
of 1.1 MHz, the highest detectable mass-to-charge ratio
is about 650 Th.
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has reached its stability limit. A dlight increase of V will cause thision to have an unstable
trajectory, and will be expelled from the trap in the z direction. Thus 50 % of the expelled
ions will reach the detector. This allows the ions present in the trap to be analysed.

If we again consider the equation for g, we can write an equation with these limit values
giving the maximum observable mass My ax:

8zeV 8z¢ 8000

4= m(ré + 225) ? TIMAX = 5 908 (ré + 2z3)(27v)?

Example of calculation
8zeV
Let usrefer to thefirst generation of well-known LCQs for which the parameters are as

follows: ro =7.07mm, zy=7.83mm. In this equation it must be expressed in metres,
and thus

q: =

(ré + 22%) = 1.726 10 *m?

The RF ‘zero-to-peak’ voltage expressed in volts, Vg, p, is variable up to a maximum
of 8500 V.
The fundamental RF frequency vis equal to 0.76 MHz or 7.6 x 10° Hz; w = 27 v;

w? = (6.28 x 7.6 x 10°)? = 2.278 x 108 rads™!

z = the number of charges, thus an entire number: 1 for amonocharged ion.
e = the elementary charge (absolute value of the charge of one electron):
1.602 x 10~ C.

The equation can now be written with al the constant terms:

8zeV _ 8(1.602 x 10~19) 4
m(Z+22)a? T (1726x 1092278 x 105)  m

q: =

In this equation, mis expressed in kg per ion. If we want the classical value in atomic
mass units (1u=1Da= 1.66022 x 10~% kg), denoted m', we must multiply the equa-
tion by 1000 to go from kg to g, and by 6.02 x 10?2 for 1 mole of ions rather than one
ion. We then get the following eguation, where of course the constant 0.1963 is valid
only for thefirst series LCQ!

8(1.602 x 10-1%)(1000)(6.02 x 10%)  zV 2V
q: = x — = 0.1963 x —
(1.726 x 10-4)(2.278 x 10%3) m' m'

What is the value of g, for an ion having a mass m' of 1500 u, monocharged (z= 1)
at 5000V RF amplitude? The answer is

(1)(5000)
1500

Asthisvalue of g, islower than 0.908 (the g = 1 stability limit), thision will have a
stable trgjectory in thistrap operated at 5000V amplitude of the fundamental RF.

q. = 0.1963 x = 0.6543
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Thus, besides trying to increase V at higher values without arcing, the maximum ob-
servable mass can be increased by reducing the size of the trap or using a lower RF
frequency v. For example, if ro and 7z, are reduced each to 7mm and the RF frequency
to 600kHz, and the maximum value for V is 8000V, the mass limit will become about
3260 Th.

2.2.1.6 Mass Analysis by Resonant Ejection

If we remember that the secular frequency at which anion oscillatesin the 3D trap isgiven
by

fz = IBZV/Z

and remembering that 8, increases if g, increases (Figure 2.17), it is possible to calculate
the value of V to be applied for theions of a given massto oscillate at a selected frequency
f,.

If an RF voltage at frequency f is applied to the end caps, thus along the z axis, theion
will resonate, and the amplitude of its oscillations will increase. If the applied amplitudeis
sufficient, the oscillations of the ion will be so large that it will be destabilized and €jected
from the trap in the z direction (Figure 2.22).

If thisfrequency isnear tov/2, 8, will benear toone, itisat thestability limit (g, = 0.908).
If, however, the applied frequency corresponds to alower g, the ions will be gjected at a
lower V value. Thus, for the same maximum V value, the highest gjectable mass will be
higher. This is another way to increase the mass range. For example, the Bruker Esquire
instrument allowsionsat 8, = 2/11 to be gjected, corresponding to g, = 0.25, which allows
the mass range to be extended up to 6000 Th.

It should be noted that if an ion fragments during the analysis, it is possible that its
m/z ratio is such that its g, value is higher than the resonant gjection value. If, later on, by
increasing V, it reachesthe stability limit (g, = 0.908) and is gjected, it will then be detected
at awrong my/z, as the data system expects it to be expelled by resonance. Its apparent m/z
will be higher than the true one. These ‘ghost peaks will occur more if the resonance
frequency corresponds to alower g, value.

Figure 2.23 shows the sequence of eventsfor aresonance gjection analysisin apictoria
way [15]. Note that in this figure the supplementary applied voltage on the end caps is
designated as‘AC'.

2.2.1.7 Tandem Mass Spectrometry in the Ion Trap

Thereareseveral waysto perform tandem mass spectrometry inanion trap. Time-dependent
rather than space-dependent tandem mass spectrometry occurs in the trap. The genera
sequence of operationsis as follows:

1. Selections of one my/z ratio, by expelling al the others from the ion trap. This can be
performed either by selecting the precursor ion at the apex of the stability diagram or
by resonant expulsion of all ions except for the selected precursor.
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Figure 2.22

Principle of resonant ejection. Upper: ions are stored
in the 3D trap at a voltage V, of the fundamental
RF. An additional RF is applied to the end caps cor-
responding to g, = 0.8. On increasing V (lower panel)
ions are moved to higher g, values. In the figure, the
smallest ion has reached g, = 0.8 and is ejected by
resonance. This ejection occurs at a lower value of
V than the one needed to eject by instability at g, =
0.908.

2. Lettheseionsfragment. Energy is provided by collisions with the helium gas, whichis
always present. This fragmentation can be improved by excitation of the selected ions
by irradiation at their secular frequency.

3. Analyse theions by one of the described scanning methods: stability limit or resonant
gection.

4. Alternatively, select afragment in the trap, and let it fragment further. This step can be
repeated to provide MS" spectra.

As a first example, let us look at an MSIMS/MS or MS® experiment performed by
selection of ions at the stability apex. Figure 2.24 shows how correctly selecting values of
U and V alows only the ions with a given m/z ratio to be trapped. These ions fragment
in time within the trap, which then contains al of the product ions. The latter can then be
analysed by selective expulsion. Time-dependent, instead of space-dependent, MS/MSis
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Resonant ejection of a 100 Th ion.

Ions of a given mass-

to-charge ratio have a characteristic oscillation frequency
along both r and z. Superimposing on the fundamental RF

potential an adjustable AC potential,
to that of the characteristic ion oscill

with a frequency equal
ation, transfers energy

to the ion through resonance. In this example, 160 kHz

is chosen. The ion trajectory along

z is thus destabilized.

This resonant mode allows the ejection of high-mass ions.
The boxes display computer simulations of the ion tra-
jectories. Reproduced (modified) from Cooks R.G., Glish
G.L., McLuckey S.A. and Kaiser R.E., Chem. Eng. News,

69, 26, 1991, with permission.
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Figure 2.24

Fragment of Figure 2.18. The arrow indicates a point where
only 50 Th ions have a stable trajectory. Reproduced (modified)
from March R.E. and Hughes R.J., Quadrupole Storage Mass
Spectrometry, Wiley, New York, 1989, with permission.

thus carried out. The process can be repeated several times, selecting successive fragment
ions.

Figure 2.25 shows a typical sequence of operations used to observe third-generation
ions.

A second exampl e describes the use of resonant gjection of ions by selected-waveform
inverse Fourier transform (SWIFT). Figure 2.26 describes an MS/M'S experiment with an
instrument using RF voltages applied to the caps, but no DC voltage. In this example, the
final analysis of the fragmentsis performed by the stability limit method.

To fragment the ions by resonance excitation, an RF voltage must be applied to adjust
the g, valuefor the selected m/z ratio to the frequency of the RF generator used. Thismeans,
if we remember that increasing V causesthe gjection of the lower massions, that the lower
observable m/z limit will be higher if the applied V voltage is increased. The lowest m/z
fragments are lost for this reason. In general, fragments with m/z values lower than about
20% of the precursor ion’s m/z will belost. Thusthere is an advantage to work at lower V,
which means lower g, to have a larger mass limit. But at higher V, the Dehmelt potential
is higher, and it is proportional to V2 [16]:

5.V _ zeV?
=g = m(r3 + 2z8)w?

Figure 2.27 displays this Dehmelt potential graphically asafunction of g, itself afunction
of V.

Actually, when an ion produces fragments, they need to be efficiently trapped, which
depends on the value of the Dehmelt potential. Otherwise, parts of the fragments arelost by
lack of trapping efficiency. There is thus a compromise to find between loss of sensitivity
and loss of lower m/z fragment ions.

The gas used to slow the ions within the trap is normally helium, which has a mass of
4Da. Theion kinetic energy amounts to only a few electronvolts. The maximum fraction
of kinetic energy convertible into internal energy is given by the equation discussed in
Chapter 4:

ma

E,=FE.———
' (m1+mp)
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Computer-controlled sequence of operations
used to carry out a typical MS/MS/MS exper-
iment in a 3D ion trap. A: electron impact
ionization of the chemical ionization gas. B:
correct tuning of U (DC voltage) and V (RF
voltage) allows the selection of ions with a
given m/z for chemical ionization. C: 200 ms
long protonation of the analyte by the cho-
sen ion. D: the parent ion is selected. E: V is
increased in order to select a mass range to ob-
serve the fragments, while keeping the surviv-
ing precursors in the trap. F: resonant excita-
tion is used to fragment the selected precursor
ions. G: one of the fragments is selected. H: res-
onant excitation is used to fragment this frag-
ment. I: mass scanning to observe the second-
generation fragments.

2 MASS ANALYSERS

Such aweak energy is often insufficient to induce ion fragmentation within a short time
span. The kinetic energy of the ions can be increased by superimposing their resonant
frequency on the RF with an amplitude that isweak enough not to expel them from thetrap.

In a quadrupole collision cell, the ions undergo multiple collisions. The fragments, as
soon as they are formed, are reactivated by collision and can fragment further. In the ion
trap, if excitation occurs by irradiation at the secular frequency of the precursor, only this
ion is excited, and the product ion may be too cool to fragment further. Figure 2.28 shows
an example of this behaviour [17].

Intheiontrap, instead of selectively irradiating the precursor ion, broadband excitation
can be used: irradiation occurs over alarge range of frequencies, so that al theionsin the
trap are excited, including the fragment formed.
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Figure 2.26

One possible sequence of events to produce an
MS/MS spectrum. A: ions of one mass-to-charge
ratio are selected by expelling all the others at
their resonance frequency applied to the caps. B:
Only ions of the selected m/z are present in the
trap. C: V is adjusted so as to bring the ion into
resonance with the excitation frequency applied
to the caps. D: ions are analysed by ejection at
the stability limit.

Theiontrap allows MS" experimentsto be performed. For this purpose, anion produced
in the source is selected and fragmented. One of the fragments is selected and fragmented
again. This process can be repeated. As an example, Figure 2.29 displaystheMS? and MS®
spectra obtained from permethylated oligosaccharides LNT (Gal(f1-3) GlcNac(p1-3)
Ga(p1-3) Glc) and LNnT, which differs by the 1-4 position of the first galactose
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Dehmelt potential D in electronvolts (eV)
(lower graph) as a function of gq,. Heav-
ier ions, for a given V value, have lower
Dehmelt trapping energies. An increase in
V will displace all the ions along the curve
to higher g, values. If g, passes the 0.908
value, the ion will be expelled. The Egg line
represents the energy that has to be pro-
vided by resonant excitation in order to
expel the selected ion from the trap. The
top graph resembles the stability diagram.
The ordinate is not the same for the two
diagrams.

residue with the N-acetylglucosamine (Gal(31-4) GlcNac(f1-3) Gal(f1-3) Glc). The
spectra show that the two different terminal disaccharides can easily be distinguished
[18]. In this paper it is also shown that these same disaccharides originating from larger
oligosaccharides yield the same fragmentation spectra, even if several fragmentation steps
areused, for instance MS*, MS® or more, provided the collision energy in thelast step isthe
same.

2.2.1.8 Space Charge Effect

When too many ions are introduced into an ion trap, those located at the outside will act as
ashield. The field acting on the ions located at the inside will be modified, and the shape
of the stahility diagram will be modified as displayed in Figure 2.30.
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Top: fragment ion obtained from ESI protonated
Labetalol molecular ion in a triple quadrupole in-
strument. Centre: same spectrum obtained in an ion
trap with broadband excitation. All the ions, precur-
sor or fragment, are activated by resonant irradiation.
Bottom: same spectrum as obtained with an ion trap
when only the precursor ion is activated. Redrawn
from Senko M.W., Cunniff J.B. and Land A.P., ‘Pro-
ducing "Richer" Product Ion Spectra on a Quadrupole
Ion Trap with Broadband Activation’, Proceedings of
the 46th ASMS Conference on Mass Spectrometry and
Allied Topics, Orlando, Florida, p. 486, 1998, with
permission.

2.2.2 The 2D Ion Trap
2.2.2.1 General Principle

The2D iontrap, also known asthelinear iontrap (LIT), isan analyser based on the four-rod
guadrupoleendingin lensesthat repel theionsinsidetherods, and thusat positive potentials
for positive ions, and vice versa. In these traps, ions are confined in the radial dimension
by means of a quadrupolar field and in the axial dimension by means of an electric field at
the ends of the trap.

The LIT principles were recently reviewed by Douglas [19]. Once in the LIT, the ions
are cooled by callision with aninert gas and fly along the z axis between the end el ectrodes,
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Figure 2.29

MS? and MS? mass spectra from two identical oligosaccharides except for the position
of the first galactose residue on the N-acetylglucosamine. These same disaccharides
originating from more complex oligosaccharides produce these same fragmentations.
Reproduced (modified) from Viseux N., de Hoffmann E. and Domon B., Anal. Chem.,
69, 3193-3198, 1997, with permission.

while simultaneously oscillating in the xy plane owing to the application of an RF-only
potential on the rods. The rods are furthermore often divided into three segments. Applica-
tion of an additional DC voltageto the end parts of the quadrupol e also allowstheionsto be
trapped. This can be used either without end el ectrodes or together with these electrodes.

These voltages repel theionsinside the linear trap, and this repulsion is higher when the
ions are closer to the ends. lons are thus repelled towards the centre of the quadrupole if
the same repelling voltages are applied at each end. Thus, the ion cloud will be squeezed
at the centre of the quadrupole if the applied voltages are symmetrically applied, but can
be located at closer to one end if the repelling voltage at that end is smaller.

One great advantage of LITsin comparison with Paul ion traps is a more than 10-fold
higher ion trapping capacity. Furthermore, this higher trapping capacity is combined with
the ability to contain many more ions before space charge effects occur owing to both a
greater volume of the trap and afocusing along the central line rather than around a point.
Even with 20000 trapped ions, well resolved mass spectra can be obtained without any
space charge effectsin 2D ion traps, whereas more than 500 trapped ionsin 3D trapsinduce
space charge effects. Another common advantage is the higher trapping efficiency. Indeed,
atrapping efficiency of more than 50% is achieved when ions are injected into the 2D ion
trap from an external source, while this trapping efficiency isonly 5% for the 3D ion trap.
Both of these advantages increase the sensitivity and the dynamic range.

lons trapped within an LIT can be mass selectively gjected either along the axis of the
trap (axial gection) or perpendicular to its axis (radial gjection). Therefore, in commercial
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The dashed line represents the shift of the sta-
bility diagram resulting from the space charge
effect. To reach the stability limit 8 =1, ¢,, and
thus V, has to have a higher value. This could
lead to an error on the mass if proper caution
is not taken.

LITstwo modesfor the mass selective gjection of ions are used: either theions are expelled
axially using fringefield effects by applying AC voltages between the rods of thelinear trap
and the exit lens, or dots are hollowed out in two opposite rods and mass selective radial
expulsion of ionsis obtained by applying an appropriate AC voltage on these two rods.

2.2.2.2 Axial Ejection in Linear Trap

The linear trap with axial gection was invented by Hager, from MDS Sciex, in 2002 [20].
Figure 2.31 displays a scheme of such an ion trap included in the ion path of a triple
guadrupol e mass spectrometer.

As shown in Figure 2.32, the ions are expelled axially using fringe field effects by
applying AC voltages between the rods of the linear trap and the exit lens.

Thisinstrument can be operated as anormal triple quadrupole with al its scan modes or
asatrap in various combinations with the use of the other quadrupoles. If aslow scanrateis
used to expel theionsaresolution up to 6000 FWHM can bereached by scanningat 5 Ths*
using g and at 100 Ths~* using Qs, whichisat alower pressure. Asfringefield effectsare
used, only ions close to the exit lens are expelled. In consequence, mass selective gjection
in the axial direction based on this technique is characterized by low ejection efficiency.
For instance, an ejection efficiency of less than 20% is achieved at 1 Thms™ scan rate.
Different techniques have been proposed to improve the axial gjection efficiency [21], but
the most promising technique for mass selective axial gjection isthe technique named axial
resonant excitation (AREX) [22]. Lensesareintroduced between each rod of the quadrupole
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View of the linear trap included in a triple quadrupole at q2. This in-
strument can be operated as a regular triple quadrupole or with a trap.
Reproduced from Hager J.W., Rapid Comm. Mass Spectrom., 16, 512—
526, 2002, with permission.
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Imaged view suggesting the principle that, near the exit,
the trajectory of the ions has a component along the axis
at the same frequency as the radial oscillation. This can be
used to expel the ions by applying an AC voltage at the
same frequency between the quadrupole and the exit lens
or by increasing the RF amplitude V (radial excitation).

to induce an electrostatic potential that is approximately harmonic along the central axis of
the quadrupole. Inside this potential, ions with a given my/z can oscillate resonantly in the
axial direction by superposing a supplemental AC field. High gjection efficiency has been
observed. For instance, an ejection efficiency of more than 60 % is achieved at 10 Thms™!
scan rate, three times more than with the technique using a fringe field. However, in these
conditions, the mass resolution is about 1000.

2.2.2.3 Radial Ejection in Linear Trap

Radial ejection between the rods has been described [19] but never applied to commercial
instruments. Ejection through slots cut in two opposite rods was described first by Senko
and Schwartz from Thermo Finnigan in 2002 [23, 24].
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Figure 2.33

Linear trap with slots cut in two opposite rods.
Sizes are 12 mm for sections A and C and 37 mm
for B. Detectors D are placed off-line and ions
are attracted by the conversion dynodes. The
slots are 30 x 0.25 mm. Drawn according to
the data from Schwartz J.C., Senko M.W. and
Syka J.E.P., ‘A Two-Dimensional Quadrupole
Ion Trap Mass Spectrometer’, Proceedings of
the 50th ASMS Conference on Mass Spectrom-
etry and Allied Topics, Orlando, Florida, 2002.

Figure 2.33 represents such alinear trap. The two detectors allow the use of all theions
expelled from the trap. Trapping efficiency is in the range 55-70% while it is only 5%
in the Paul ion trap. Unit resolution is achieved at 16 700 Ths™! scan rate. At 27 Ths™?,
Am = 0.05 is observed at m/z 1520, corresponding to a resolution of 30000 FWHM. The
ion capacity is about 20 000, 40 times more than in the Paul ion trap.

The presence of the slots causes a perturbation of the RF field that can be reduced by
slightly stretching the quadrupole, increasing the distance between the cut rods.

Mass selective gection of the ions in a radial direction occurs by applying an AC
voltage between the two cut rods. As for the 3D ion trap, an AC frequency corre-
sponding to q,=0.88 is used. lons of successively higher masses are brought to this
g, value by increasing V. An gjection efficiency of about 50% is achieved at 5 Ths™* scan
rate [25].

Operations similar to the 3D traps can be performed, as for example to expel ions of
al masses except one and observe the fragmentation, with or without ion excitation at the
secular frequency. Then the fragments are analysed. This can be repeated severa times
for MS" experiments. All the other operations of a 3D trap can be applied, but it aso has
similar limitations, for example MS/MS is limited to fragmentation scans. Thus precursor
ion scan or neutral loss scan that are available with triple quadrupole instruments cannot
be used on ion traps (Figure 2.11).

Segmented quadrupoles are used rather than trapping by end electrodes, to avoid pro-
ducing fringefields. To trap theions, aDC voltage is applied to the end sections. Coupling
to the source occurs through an interface comprising focusing multipoles, as described for
the 3D ion trap.
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The electrostatic trap or ‘orbitrap’ according to the descri-
ption of Makarov in [27]. An outer electrode has the shape
of a barrel cut into two parts separated by a small gap.
Inside is a second spindle-shaped electrode. Only DC volt-
ages (some kilovolts) are applied. The ions turn around the
central electrode while oscillating back and forth along the
z axis. The resulting movement is made of intricate spirals.

2.3 The Electrostatic Trap or ‘Orbitrap’

The orbitrap is an electrostatic ion trap that uses the Fourier transform to obtain mass
spectra. This analyser is based on a completely new concept, proposed by Makarov and
described in patentsin 1996 [26] and 2004 [27], and in Analytical Chemistry in 2000 [28].
A third patent describes a complete instrument including an atmospheric pressure source
[29]. Another article was also published with Cooks in 2005 [30]. The first commercial
instrument wasintroduced on the market by the Thermo Electron Corporation in June 2005.
Figure 2.34 shows aface view of thistrap. The external part is an electrode having the
shape of a barrel cut into two equal parts with a small interval. The central electrode has
a spindle shape. The maximum diameter of the central electrode is 8 mm and of the outer
one 20 mm. Theions are injected tangentially through the interstice between the two parts
of the external electrode (see Figure 2.35, side view K). In the first commercial instrument
(2005), injection occurs off-axis through a hole in the external electrode. An electrostatic
voltage of severa kilovolts, negative for positive ions, is applied to the central electrode,
while the outer electrodeis at ground potential. The ions are injected with akinetic energy
of some kiloelectronvolts and start to oscillate in the trap in intricate spirals around the
central electrode under the influence of an electrostatic field with a quadro-logarithmic
potential distribution that is obtained by the DC voltage and the astute geometry of thetrap.
With thisinstrument, at injection the outer electrode is about at ground, while the inner
electrodeis set at about —3200V for positiveions. To have areasonably circular or oval tra-
jectory around the centre electrode, theions need to have akinetic energy around 1600 eV.
Theions start to rotate around the inner electrode and together oscillate along the z axis.
The equation of the potential inside thetrapis

2
U(r,z) = g (zz - %) + g(Rm)ZIn (RL) +C

In this equation, r and z are cylindrical coordinates (z = 0 being the axis of symmetry
of the field), C is a constant, k is field curvature, and Ry, is the characteristic radius. The
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Figure 2.35

Top: simplified drawing of the complete stack of the orbitrap coupled to an electrospray
source (A) at atmospheric pressure. B: lens arrangement to obtain a Z-spray, 2 mbar. C:
RF quadrupole as ion guide, 10~2 mbar. D: Lens. E: transport RF quadrupole pumped to
10~ mbar. This quadrupole may be fitted with DC voltage to select ions within a selected
mass range. G and G’: Segmented trapping quadrupole to store the ions to inject (10~ mbar
with He). F and H: lenses. I: device to deflect the ion beam prior to injection in the orbitrap. K:
orbitrap side view cut at the level of the gap between the two half-barrel electrodes. The ions
enter the trap, helped by the repeller electrode J, and spiral down the field to orbit around
the spindle-shaped electrode. Pressure reduced to 107! mbar by the use of an additional
ionic pump. Bottom: DC voltages applied during storage (left) and injection (right). Drawn
according to data from Makarov A., Hardman M.E., Schwartz ].C. and Senko M., US Patent
US2004108450, published June 10 2004.

first term isaquadratic field and the second the logarithmic field of acylindrical capacitor.
Inspection of this equation shows that the z coordinate appears only in one term. Thus the
voltage gradient in the z direction is
ad
U(r, z) — ke
0z

Anion with mass m and total charge q = ze is accelerated along z, which results from
the force induced by the electric field. The electric force —gkzis equal to the masstimesthe
acceleration m(d?z/dt?):

d?z AU d?z q
A —=-1 2.1
ms q 52 gkz or " mkz (2.1

This equation describes a simple harmonic oscillator, like a pendulum. Introducing an

energy factor E, defined by
dzo\?
0= /2 ()

F;

the exact solution to Equation (2.1) is

z(t) = zoCOS wt + /(2E./ k) Sin wt
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with

w = /(q/m)k

This equation shows that the frequency is directly linked to the n/q ratio and is inde-
pendent of the kinetic energy of the injected ions. Thisis a very important property of the
orbitrap. The broadband current induced by the oscillating ions is measured and converted
by an FT to theindividual frequencies and intensities, yielding the mass spectrum.

Figure 2.35 showsaschemeof acomplete stack including an atmospheric pressure source
coupling, an analytical quadrupole, a storage linear trap and the orbitrap itself. The ions
are produced and focused from A to F by a classical atmospheric pressure source coupling
device. Theiontrap G hasthe particularity to allow it to accumul ate theions closeto the exit
to the orbitrap, adjusting the potentials on the F el ectrode and on the last segment G’ of the
trap. Thisallowsfaster injection into the orbitrap. Switching the applied voltagesfrom those
presented graphically in the lower |eft panel of the figure to those in the right panel allows
injection in a very short time into the orbitrap at some kiloelectronvolts. From H to J, the
ionsfly freely except for adeflection of the beam to avoid injection of helium from thelinear
trapintheorbitrap. Thisfield-freeflight distanceisadjusted to take account of awell-known
property of the TOF instrument in which there is a focus plane at twice the length of the
acceleration region, whereionsof the same massarefocused successively. The distanceH to
Jisadjusted to correspond to thisfocusing distance. Thisalowstheinjection of ions of one
m/z at atime, focused in ashort time period of some nanoseconds, for atotal injection time of
about 1 usfor successively higher m/z ions. Thisleadsfurther to an efficient grouping of ions
of the samemass, improving their detection, whiledispersingionsof different massesreduce
the space charge effect. Asthe time needed to inject ions with the same m/z is much shorter
than the time of one oscillation along z, the movement of theseionswill be very coherent,
providing sensitive detection. The rotation around the central electrode does not have this
coherence, reducing the background noise. Furthermore, this good coherence improvesthe
massresol ution and accuracy: 150 000 FWHM resol ution at m/z 600 has been demonstrated.
Anexampleof theresol ution obtained with an orbitrapisshownin Figure2.36 [31]. Another
example of the use of this resolution on isotope abundance is given in Chapter 6.

Figure 2.37 shows the scheme of the first commercially available orbitrap instrument. It
is somewhat different from the one previously described. First, there is an linear ion trap
(LIT) that can be used for ion storage and gjection to the orbitrap by axial €ection, or
independently used as a linear trap by radial gjection. It is possible to inject al the ions
from the LIT, or selected ones, or product ions from the MS" operations of the LIT. The
normal acquisition cycletimein the orbitrap is 1 second.

After gection to the orbitrap, other operations can be performed in the LIT during this
cycle time. This alows one for instance to get two low-resolution spectra from the LIT
while acquiring a high-resol ution spectrum from the orbitrap, al in 1 second. The last lens
before the LIT is a gating lens. It alows regulation of the number of ions injected, thus
allowing an optimal number of ionsto be injected, aswell in the LIT asin the orbitrap, to
optimize performance and avoid space charge effects.

Theresolution is specified as 60 000 at m/z 400 when acquiring the spectrumin 1 second.
The resolution increases linearly with detection time to a maximum of over 100000. The
mass accuracy with external calibration is 5ppm and 2ppm with internal calibration.
The dynamic range is over 3000 within a spectrum and over 500000 between spectra
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Figure 2.36

ESI mass spectrum of bovine insulin obtained with an orbitrap. The resolution at my/z
1149 is more than 60 000 FWHM. Additional peaks are due to the presence of Ultramark
1621 as internal standard. Reproduced from Hu Q., Makarov A., Noll R.]J. and Cooks
R.G., ‘Application of the Orbitrap Mass Analyzer to Biologically Relevant Compounds’,
Proceedings of the 52nd ASMS Conference, Nashville, Tennessee, 2004, with permission.

A B C D E F G

Figure 2.37

Scheme of the orbitrap instrument presented by Thermo Electron Corporation. It includes
an atmospheric pressure source (A) at the left, followed by a heated capillary (B) and several
multipole focusing devices (C) and a gating lens (D) followed by one more focusing octapole
up to a linear trap (E) with two detectors. At the axial exit of the LIT, another focusing
multipole (F) leads to a new kind of bent quadrupole (G), named ‘C-trap’. This one allows
storage of a bundle of ions and radial ejection toward the orbitrap. The ions enter the orbitrap
laterally guided by the focusing electrodes and a repeller just at the entrance. Reproduced from
Hu Q., Makarov A., Noll R.J. and Cooks R.G., ‘Application of the Orbitrap Mass Analyzer
to Biologically Relevant Compounds’, Proceedings of the 52nd ASMS Conference, Nashville,
Tennessee, 2004, with permission.
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The mass range is limited by the use of the linear trap and is either m/z 50-2000 or m/z
200-4000.

The resolution at low masses is less than the one obtained with FTICR. However, the
resolution of FTICR isinversely proportional tom/z whereastheresolution of theorbitrapis
inversely proportional to (1m/z)¥2 and thus decreases more slowly when the mass increases.
Compared with a Q-TOF instrument, the resolution is dramatically increased as well asthe
dynamic range.

2.4 Time-of-Flight Analysers

The concept of time-of-flight (TOF) analysers was described by Stephens in 1946 [32].
Wiley and McLaren published in 1955 the design of alinear TOF mass spectrometer which
|ater became the first commercial instrument [33]. There has been renewed interest in these
instruments since the end of the 1980s. First, progressin el ectronics simplified the handling
of the high data flow. Second, the TOF analyser is well suited to the pulsed nature of the
laser desorption ionization. The development of matrix-assisted laser desorption/ionization
TOF has paved theway for new applications not only for biomoleculesbut also for synthetic
polymers and polymer/biomolecule conjugates. TOF analysers were reviewed by Cotter
[34], Guilhaus [35], Mann [36], Mamyrin [37] and Weickhardt [38]. Books on TOF mass
spectrometers were published in 1994 and 1997 [39-41].

2.4.1 Linear Time-of-Flight Mass Spectrometer

Figure 2.38 displays the scheme of alinear TOF instrument. The TOF analyser separates
ions, after their initial acceleration by an electric field, according to their velocities when
they drift in afree-field region that is called aflight tube.

lonsare expelled from the sourcein bundleswhich are either produced by an intermittent
process such as plasma or laser desorption, or expelled by a transient application of the
required potentials on the source focusing lenses. These ions are then accelerated towards
the flight tube by a difference of potential applied between an electrode and the extraction
grid. Asall theions acquire the same kinetic energy, ions characterized by adistribution of
their masses present adistribution of their vel ocities. When leaving the accel eration region,
they enter into a field-free region where they are separated according to their velocities,
before reaching the detector positioned at the other extremity of the flight tube.

Mass-to-charge ratios are determined by measuring the time that ions take to move
through a field-free region between the source and the detector. Indeed, before it leaves
the source, an ion with mass m and total charge q= ze is accelerated by a potentia V. It
electric potential energy Eq is converted into kinetic energy Ey:

m 1)2

Ey = N =qVs=zeVs= Egq

Thevel ocity of theionleaving the sourceisgiven by rearranging the previousequation as
v = (2zeVs/m)Y?
After initial acceleration, the ion travels in a straight line at constant velocity to the
detector. Thetimet needed to cover the distance L before reaching the detector is given by
L

r=—

v
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Figure 2.38

Principle of an LTOF instrument tuned to analyse positive ions produced by MALDI. After
their formation during a laser pulse, ions are subject to the applied electric field. Ions are
continuously accelerated and drift in a free-field region. They travel through this region with
a velocity that depends on their m/z ratios. Ions are thus dispersed in time.

Replacing V by its value in the previous equation gives

2 m [ L?
B Z ZeVS

This equation shows that m/z can be calculated from a measurement of t2, the terms in
parentheses being constant. This equation also showsthat, all other factorsbeing equal, the
lower the mass of an ion, the faster it will reach the detector.

In principle, the upper mass range of a TOF instrument has no limit, which makes it
especially suitable for soft ionization techniques. For example, samples with masses above
300 kDa have been observed by MALDI-TOF [42,43].

Another advantage of theseinstrumentsistheir high transmission efficiency that leadsto
very high sensitivity. For example, the spectrum from 10> mol of gramicidin [44] and the
detection of 100-200 attomole amounts of various proteins (cytochrome C, ribonuclease
A, lysozyme and myoglobin) [45] have been obtained with TOF analysers. All theions are
produced in a short time span and temporal separation of these ions allows all of them to
be directed towards the detector. Therefore, al the formed ions are in principle analysed
contrary to the scanning analysers that transmit ions successively along atime scale.

The analysis speed of TOF analysersisvery fast and aspectrum over abroad mass range
can be obtained in micro-seconds. So, it ispossiblein theory to producein 1 second several
thousand TOF mass spectra over a very wide mass range. But in practice, for most of the
applications, the weak number of ions detected in each individua spectrum is insufficient
to provide the required precision of mass or abundance measurement. Furthermore, it is
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actually impossible to record all these individual spectra one by one at such a rate without
exceeding the speed of data transfer and the capacity of data storage of most computers.
Thus, recorded spectra are generally the addition of a number of individua spectra.

Another interesting characteristic of the TOF analyser lies in its easy mass calibration
with only two reference points. Asin all the mass spectrometers, the TOF mass spectrometer
requires a calibration equation to relate and convert the physical property that is measured
to amass value. For the TOF spectrometer, the physical property that is measured during
an analysisisthe flight time of theions. As aready mentioned, the flight time of anionis
related to its mass by the following equation:

(/)2 = (@) r

Distance L and accelerating potentia Vs are constant for agiven spectrometer and, thus,
thetermsin parentheses can be replaced with the constant A. The rel ationship between mY/2
andtislinear. A constant B is added to produce a simple equation for a straight line. This
constant B allows correction of the measured time zero that may not correspond exactly
with the true time zero. Indeed, calibration must take into account other effects. The most
basic effect is the uncertainty of the starting time of an ion. This effect can be caused by
finite time delaysin cables etc. Thus:

(m/z)"? = At + B

Therefore, the conversion of flight timesto mass supposes apreliminary calibration with
two known molecules (standards). Using their known m/z ratios and their measured flight
times, this equation is solved for the two calibration constants A and B. As long as the
points are not too close together, a simple two-point calibration is usually accurate.

Externa or internal calibration can be performed. External calibration is a method in
which the calibration constants, A and B, are determined from two standards in an experi-
ment that does not include unknown molecules. Interna calibration is a method in which
the flight times of the standard and unknown ions are measured from the same spectrum
providing the best possible match of experimental conditionsfor the three speciesinvolved.
The highest degree of mass accuracy is usually achieved through internal calibration.

Theresolution observed with the TOF mass spectrometer isderived from the rel ationship

between m/z and flight time:
m ( 2e V3> 2
- = t
z L?

and
1 2eV.
Zdm = (£22) 2 dr
z L2
Thus
m
dm — 2dt
Therefore, the resolution in TOF mass spectrometry is equal to
m t L
R=—=—~ —
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where mand t are the mass and flight time of the ion, and Am and At are the peak widths
measured at the 50 % level on the mass and time scales, respectively. L isthe flying distance
and Ax isthe thickness of anion packet approaching the detector.

Asthe mass resolution is proportional to the flight time and the flight path, one solution
to increase the resol ution of these analysersisto lengthen the flight tube. However, too long
a flight tube decreases the performance of TOF analysers because of the loss of ions by
scattering after collisionswith gas molecules or by angular dispersion of theion beam. Itis
also possible to increase the flight time by lowering the accel eration voltage. But lowering
thisvoltage reducesthe sensitivity. Therefore, the only way to have both high resolution and
high sensitivity isto use along flight tube with alength of 1 to 2m for a higher resolution
and an acceleration voltage of at least 20kV to keep the sensitivity high.

The most important drawback of the first TOF analysers was their poor mass resolution.
Mass resolution is affected by factors that create a distribution in flight times among ions
with the same my/z ratio. These factors are the length of the ion formation pulse (time
distribution), the size of the volume where the ions are formed (space distribution), the
variation of the initial kinetic energy of the ions (kinetic energy distribution), and so on.
The electronics and more particularly the digitizers, the stability of power supplies, space
charge effects and mechanical precision can also affect the resolution and the precision of
the time measurement.

If a pulsed sources such as MALDI seems to be well suited to the TOF analyser, the
quality of its pulsed ion beam is insufficient to obtain the high resolution and high mass
accuracy. This situation is substantially improved with the development of two techniques:
delayed pulsed extraction and the reflectron.

2.4.2 Delayed Pulsed Extraction

To reducethe kinetic energy spread among ionswith the samemy/z ratio leaving the source, a
timelag or delay between ion formation and extraction can beintroduced. Theionsarefirst
allowed to expand into afield-freeregion in the source and after acertain delay (hundreds of
nanoseconds to several microseconds) avoltage pulseis applied to extract the ions outside
the source. Thismode of operationisreferredto asdelayed pulsed extraction to differentiate
it from continuous extraction used in conventional instruments. Delayed pulsed extraction,
aso known as pulsed ion extraction, pulsed extraction or dynamic extraction, is arevival
of time-lag focusing, which was initially developed by Wiley and McLaren in the 1950s,
shortly after the appearance of the first commercial TOF instrument.

As shown in Figure 2.39, the ions formed in the source using the continuous extraction
mode are immediately extracted by a continuously applied voltage. The ions with the same
my/z ratio but with different kinetic energy reach the detector at dlightly different times,
resulting in peak broadening. In the delayed pulsed extraction mode, the ions are initially
allowed to separate according to their kinetic energy in the field-free region. For ions of the
same my/z ratio, those with more energy move further towards the detector than the initially
less energetic ions. The extraction pulse applied after a certain delay transmits more energy
to the ions which remained for alonger time in the source. Consequently, the initially less
energetic ions receive more kinetic energy and join the initially more energetic ions at the
detector. So, delayed pulsed extraction corrects the energy dispersion of the ions leaving
the source with the same m/z ratio and thus improves the resolution of the TOF analyser.
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Schematic description of a continuous extraction mode and a delayed pulsed extraction mode
in an linear time-of-flight mass analyser. o = ions of a given mass with correct kinetic energy;
o = ions of the same mass but with a kinetic energy that is too high. Delayed pulsed extraction
corrects the energy dispersion of the ions leaving the source with the same m/z ratio.

The energy focusing can be accomplished by adjusting the amplitude of the pulse and
the time delay between ion formation and extraction. For optimal focusing, both pulse and
delay can be adjusted separately. It should be noted that the optimal pulse voltage and delay
are mass dependent. Lower pulse voltages or shorter delays are required to focus ions of
lower m/z ratio. In general, for agiven m/z and initia velocity distribution, greater voltage

pulses require shorter time delays and vice versa.
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If delayed extraction increases the mass resolution without degradation of sensitivity
compared with continuous extraction, it also has limitations. Indeed, delayed extraction
complicates the mass calibration procedure. It can only be optimized for part of the mass
range at atime and is less effective at high mass. Delayed extraction partially decouples
ion production from the flight time analysis, thus improving the pulsed beam definition.
However, calibration, resolution and mass accuracy are till affected by conditions in
the source. For instance, in the usual axial MALDI-TOF experiments, optimum focusing
conditions depend on laser pulse width and fluence, the type of sample matrix, the sample
preparation method, and even the location of the laser spot on the sample.

2.4.3 Reflectrons

Another way to improve mass resolution is to use an electrostatic reflector also called
a reflectron. The reflectron was proposed for the first time by Mamyrin [46]. It creates a
retarding field that actsasanionmirror by defl ecting theions and sending them back through
the flight tube. The term reflectron time-of-flight (RTOF) analyser is used to differentiate
it from the linear time-of-flight (LTOF) analyser. The simplest type of reflectron, which is
called a single-stage reflectron, consists usually of a series equally spaced grid electrodes
or more preferably ring electrodes connected through a resistive network of equal-value
resistors.

The reflectron is situated behind the field-free region opposed to the ion source. The
detector is positioned on the source side of the ion mirror to capture the arrival of ions
after they are reflected. There are two common methods of positioning the detector. It may
be coaxial with the initia direction of the ion beam. This detector has a central hole to
transmit the ions leaving the source. However, the most common instrument geometry has
the detector off-axis with respect to the initial direction of the ion beam. Indeed, adjusting
the reflectron at a small angle in respect to the ions leaving the source allows the detector
to be positioned adjacent to the ion source.

The reflectron corrects the kinetic energy dispersion of the ions leaving the source with
thesamemy/z ratio, asshownin Figure 2.40. Indeed, ionswith morekinetic energy and hence
with more velocity will penetrate the reflectron more deeply than ions with lower kinetic
energy. Consequently, the faster ions will spend more time in the reflectron and will reach
the detector at the same time than slower ions with the same m/z. Although the reflectron
increases the flight path without increasing the dimensions of the mass spectrometer, this
positive effect on the resolution is of lower interest than its capability to correct the initial
kinetic energy dispersion. However, the reflectron increases the mass resolution at the
expense of sensitivity and introduces a mass range limitation.

If the potential of the reflectron Vg and its length D lead to an €electric field in the
reflectron E = Vg/D, anion of charge g with akinetic energy Ey will enter with avelocity
Vix and penetrate the reflectron to a depth d such that

_ Ek _ qVS _ VsD
qE  qVr/D VR

Its speed vy along the x axis will then be zero, and its mean velocity into the reflectron
will be equal to vix/2. The time needed to penetrate at a distance d will be thus

_d
B vix/z

Io
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Schematic description of a TOF instrument equipped with a reflectron. B = ions of a given
mass with correct kinetic energy; [ = ions of the same mass but with a kinetic energy that
is too low. The latter reach the reflectron later, but come out with the same kinetic energy as
before (see text). With properly chosen voltages, path lengths and fields, both kinds of ions
reach the detector simultaneously.

Then the ion will be symmetrically repelled outside of the reflectron, so that its kinetic
energy will be restored to the same absol ute val ue as before, but the velocity will bein the
opposite direction. The total flight length in the reflectron will be 2d, and the total time t;
in the reflectron will be

2d  4d

vix/z - E
The total flight length out of the reflectron will be L; + L, where L; and L, are the

distances covered before and after the reflectron, and the total time t out of the reflectron
will be

tr = 2t =

P Li+ L,
Vix

Thetotal flight time will be the sum of the flight time in and out of the reflectron:
ttor =t +t = (L1+ Lo+ 4d)/vi,
Replacing vix = (22Vse/m)Y? in the previous equation gives

2 _ﬂ(L1+L2+4d)2
L A

Let us now consider two ions sharing the same mass m, one coming from the source
with the correct kinetic energy Ex and the other with akinetic energy Ej. We define a2 as

E/Ex = da®
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The speed aong the x axis during the field-free flight will be

2
mv; ,
Ex = 2”‘ iy = (2Ei/m)Y? Vi, = (2Exa?/m)Y? v, = aviy

Thetime of field-free flight, out of the reflectron, for a path length L; + L, will be

t=Li+Ly/viy 1 =Li+Lyv, =L+ Ly/avi,
and hence
t'=t/a
In the reflectron, the ions will penetrate at a depth d or d':
d = E/(qE) d' =E/qE = a’E/qE
and hence
d = a%d
The time spent in the reflectron will be
tr=4d/v, t/ =4d /v or t =4da’d/av, = dad /v,
and hence
tf = aty

The total flight time for these ions sharing the same m/z but having different kinetic
energies will be the sum of the flight time in and out of the reflectron:

fror=t+4 and for =t/a+ak

This means that if a> 1, then the ion with an excess kinetic energy will have a shorter
flight time out of the reflectron (t/a), but alonger one in the reflectron (at;). The opposite
holds for a < 1. The variations of the flight times thus compensate each other. A correct
compensation yielding the same total flight time for al ions sharing the same mass but
having different kinetic energies requires choosing the proper values for E, Vs, L; and
L,. As far as the ions leaving the source with the correct kinetic energy spend the same
time in and out of the reflectron (t; =t), in others words if 4d=L; + L, then a perfect
kinetic energy focalization is obtained. A complete treatment would take into account the
displacement along the y axis. In practice, the reflection angle is typically less than 2°, and
this error will be small. In the figures, much larger angles have been used for clarity in the
drawings.

The performance of the reflectron may be improved by using a two-stage reflectron.
Indeed, to reduce the size and to improve the homogeneity of the electric field, a two-
stage reflectron was proposed. In this reflectron, two successive homogeneous electric
fields of different potential gradient are used. The first stage is characterized by an intense
electric field responsible for the strong deceleration of the ions while the second stage is
characterized by a weaker field. These two-stage reflectrons have the advantage of being
more compact devices because of the strong deceleration of the ions at the first stage, but
they suffer from alower transmission.
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2.4.4 Tandem Mass Spectrometry with Time-of-Flight Analyser

Tandem mass spectrometry can be performed with reflectron time-of-flight instruments.
This is best achieved by combining a linear with a reflectron spectrometer. lons after
having acquired sufficient internal energy can fragment to give product ions (also called
fragment ions) and neutral fragments. These fragmentati ons can be discriminated according
to the place where they occur.

If the lifetime induced by the internal energy of an ion is greater than its flight time,
this ion reaches the detector before any fragmentation has occurred. On the other hand,
if the lifetime of an ion is shorter than the time spent by this ion in the source before the
acceleration, this ion fragments before leaving the source. Fragmentations taking place in
the source are called in-source decay (1SD) fragmentations. The precursor ion and the
fragment ions have the same kinetic energy after the acceleration and thus they reach the
detector separately according to their m/z. Therefore, they can be analysed aswell in LTOF
asin reflectron TOF. However, it isimpossible to determine the precursor ions that are at
the origin of these fragments.

The lifetime of an ion can be intermediate between its time spent in the source and its
flight time. These ions are stable enough to leave the source but contain enough excess
energy to allow their fragmentation in the field-free region of the flight tube before they
reach the detector. This correspondsto the fragmentati on of metastableions. Fragmentation
that occurs after the source of a TOF mass spectrometer is called post-source decay (PSD)
fragmentation.

When an ion fragments after acceleration and before the entrance in the reflectron, its
product ions have the same velocity as the precursor, and thus the same flight time in the
absence of any field. Therefore, in an LTOF analyser, the survivor precursor ions, their
fragment ions and neutral fragments reach the detector at the same time (see Figure 2.41).
However, they havedifferent kinetic energies. Indeed, if afragment ion hasthe samevel ocity
asits precursor, it has alower kinetic energy because of its lower mass. Consequently, in a
reflectron TOF analyser, these ions have different flight times that depend on their masses.
The lighter fragment ions, which have alower kinetic energy, penetrate the reflectron less
deeply and spend less time inside the reflectron than the heavier fragment ions or the
survivor precursor ions (see Figure 2.41). These ions thus reach the detector successively
according to their m/z ratios.

If my is the mass of the precursor and rm the fragment mass, their respective kinetic
energies Ey, and Ey; are, since they have the same velocity vy,

2 2

MpV; nms v;

Ekpz plix and Ey = fUix

2
Thus

mg
Evp/Exg =mp/ms OF  Eyg = Ekpm_
p

The penetration depth d in the reflectron is given by d = Ex/gE. Hence, for the precursor
and the fragment, the relevant equations are

E E Evo(ms/m
do= B2 ang g Ba_ kp(mi /mp)
qE qE qE



2.4 TIME-OF-FLIGHT ANALYSERS 135

Source Reflectron off Detector

linear
D mode

[

B ..............

Detector
reflectron mode

-30000V

Source Reflectron on Detector
!

linear

Detector
reflectron mode

Figure 2.41

Tandem mass spectrometry with combined linear and reflectron
TOF instruments. ® = bundle of ions with one given mass leaving
the source; during the flight, a fraction of these ions fragments; e =
Survivor ions; © fragment ions; [ = neutral fragments. Those ions
fragmenting between the source and the reflectron are called PSD
ions. The neutral fragments are not deflected and reach the linear
detector. They will be detected provided that the parent ions have
been accelerated at a sufficient kinetic energy, typically 30 keV.

Hence
di = dy—

mp

The respective flight times in the reflectron are given by

= tp(ms/mp)

4d 4d
tp = and trf:_f:M

Vix Vix Vix

This demonstrates that the time spent in the reflectron will be shorter for the fragment
than for the precursor, the ratio of the respective times being equal to the mass ratio.
Thus, as shown in Figure 2.41, the time of flight will be the same for the precursors and
fragments in the linear mode, but will differ in the reflectron mode. When comparing the
two spectra, ions observed in the reflectron spectrum but not in the linear mode result
from PSD fragmentations having occurred between the source and the reflectron device.
Mesasurement of the flight times of fragment ions correlated with a particular precursor ion
allows the fragmentation of thision to be described.

The selection of the precursor ion is obtained by a deflection gate between the source
and the reflectron. Indeed, if the instrument is fitted with electrodes after the source on the
ion path before the reflectron, a precursor ion can be selected to analyse its fragmentation
by PSD. As shown in Figure 2.42, a potential is applied to eliminate the ions. Cutting off
this potential for a short time, corresponding to the passage of the selected ion, alowsthis
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TOF spectrometer fitted with a deflection electrode for precursor
ion selection. The instrument can be operated in either the linear or
the reflectron mode. The selection resolution is about 250, which
for example gives a 4 Th window at m/z 1000.

ion to be selected. The mass of the passing ions can be determined in thelinear flight mode,
while the fragments are observed in the reflectron mode.

The resolution of the selected ion on modern instruments is between 100 and 250. This
givesawindow between 10 and 4 Th at m/z 1000 [47]. A system that usestwo gatesin series
has more recently been devel oped to obtain a resolution of more than 1000 [48]. When the
selected ion reaches the entrance of the first gate, the applied deflection voltage is rapidly
switched off, opening the gate and allowing the ions to travel towards the second gate. As
the selected ion passes the exit of the second gate, the voltage is switched on, closing the
gate. Therefore, the first gate rejects the lower mass ions, while the second gate rejects the
higher massions.

Itisimportant to understand that the defl ection gate sel ects not only the precursor ion but
also al the fragment ions resulting from this selected precursor ion that are produced in the
first field-free drift path of the instrument between the source and the reflectron. Indeed, as
the zone between the source and the reflectron is afield-free region, all the PSD fragments
formed in this zone have the same vel ocity astheir precursor ions. And as selection is based
on flight time, the precursor passes between the deflecting electrodes at the same time as
its fragments.

The fragment ions have the same velocity as their precursor ions but have different
energy asafunction of their mass. Therefore, thereflectron induces both their kinetic energy
focusing and time dispersion of fragment ions having different masses. It is important to
note that the optimum reflectron potential for observing the selected ion is no longer
optimum for the fragment ions and must be set up separately for each fragment ion (Figure
2.43). Therefore, the voltage on the reflectron should be adjusted to the mass of each
fragment to obtain optimum results. Indeed, with alinear field reflectron, optimal focusing
in energy isobtained when L + L, = 4d, where L; and L, are the distances covered before
and after the reflectron and x is the penetration depth in the reflectron. The result is a great
dispersion of the foca points (L, =4d — L;) for fragment ions of different masses, and
thus aloss of mass resolution. For example, the theobromine m, = 137 u produces by loss
of CO in PSD afragment ion m¢ = 109 u. If the acceleration voltage Vo= 3kV, L1 =1m,
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Tandem mass spectrometry by PSD, which is performed with a reflec-
tron TOF instrument. In this method, the optimum reflectron potential
for observing the precursor ion is not the optimum for the fragment
ions, and must be set up separately for each fragment ion. Indeed, if
the reflectron potential is optimized for the precursor ion, the fragment
ions are not focused on the detector. On the other hand, if this poten-
tial is optimized for a fragment ion, the precursor ion and the heavier
fragment ions travel across the reflectron whereas the lighter fragment
ions are still not focused on the detector.

the electric field in the reflectron Vg = 3120V and its length D = 0.522m, then Ly =1m
and Ly =0.59m. To put this situation right, it is necessary to adapt the potential of the
reflectron to each mass. Vg = (Mmp/My)Vir. Thus, the focal points and times of flight are
the same for the two ions.

Although only one fragment ion is perfectly energy focused at a specific reflectron
voltage, approximately 5-10 % of the full kinetic energy range of the fragment ions can be
adequately focused at this voltage to produce a portion of the PSD spectrum. Thisrequires
the reflectron voltage to be systematically stepped or scanned to bring into focus other
fragment ions that differ in their kinetic energies and thus to record segments of the PSD
spectrum. A composite mass spectrum can be obtained by combining theindividual sections
of the mass spectrum that were produced from the 1020 different reflectron potential steps
that were required for observing the entire PSD spectrum.

The necessity to step the voltage applied to the refl ectron to produce acompl ete spectrum
consumes time, wastes sampl e and complicates the mass calibration procedure. Indeed, the
acquisition of a PSD spectrum is at least 20 times longer than for a classic TOF spectrum
and the main part of the sampleislost without contributing to the analysis.
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Trajectories for CID fragmentation of ions of 500 Th. The fo-
cal points in energy of the product ions of 400 and 300 Th are
indicated for a linear field reflectron and for a curved field reflec-
tron. Reproduced (modified) from Cotter R.]., Time-Of-Flight
Mass Spectrometry: Instrumentation and Applications in Biolog-
ical Research, ACS, Washington, DC, 1997, with permission.

To avoid this drawback, a better solution has been proposed by Cotter with the introduc-
tion of a curved field reflectron, commercially available from Shimatzu [49]. The curved
field reflectron provides aretarding field that increases in a nonlinear manner. This reflec-
tron decreases the penetration distance for the heavy ions asindicated in Figure 2.44. This
then leads to a smaller dispersion of the focal points for fragment ions of different masses.
So, the full kinetic energy range of the fragment ions can be adequately focused at the
optimum reflectron potential for observing the selected ion. Thus, this alows the recording
of product ion spectrain one step without stepping or scanning of the reflectron potential .
A complete PSD ion spectrum can thus be acquired in a single step. However, the curved
field reflectron causes more ion losses than the linear field reflectron.

Tandem mass spectrometry can be performed with reflectron TOF instruments using
the post-source decay technigque described above. However, this technique presents some
limitationsin mass resol ution and mass accuracy. Indeed, if the resolution can reach 20 000
for the analysis of the precursor ions, it decreasesto below 1000 for the fragment ions anal-
ysed by PSD. The main reason of this resolution degradation liesin the liberation of kinetic
energy during the fragmentation reaction. The poor resolution of the selection of precursor
ionsis also another limitation of the PSD technique. Furthermore, compared with tandem
mass instruments including a collision cell, the PSD technique also presents limitations
through the lack of control of the ion activation conditions. Because the PSD techniqueis
based on metastable ions, the efficiency of fragmentation is generally low. Thisinduces a
rather low quality in the fragment spectra containing a high background noise level.

To overcome many of the limitations associated with PSD, severa tandem TOF mass
spectrometers (TOF/TOF) have been designed. Two of these tandem TOF mass spectrom-
eters are commercially available, one sold by Applied Biosystems and the other by Bruker.
The basic principle of these two instruments is to use a short linear TOF as the first mass
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Figure 2.45
Schematic representation of a tandem mass spectrometer comprising two
RTOF analysers and, in between, a collision cell.

analyser and a reflectron TOF as the second mass analyser. These two TOF analysers are
separated by an ion deflection gate and a collision cell. The two spectrometers also havein
common the feature to reaccel erate the precursor ion and its fragments after their exit from
the callision cell. In this way, the kinetic energy spread of the selected precursor ion and
its fragment ions is reduced, and consequently this allows the recording of fragment ion
spectrain one step without scanning of the reflectron potential.

Cotter [50] has developed a compact laser desorption tandem TOF mass spectrometer
based on two reflectron TOF mass analysers (RTOF/RTOF). The instrument incorporates
two reflectron mass analysers separated by a collision cell for producing ions by collision-
induced dissociation (Figure 2.45). To allow the selection of the precursor ion, a deflection
gate is placed between the first reflectron and the collision cell. The first reflectron, which
isasingle stage reflectron, provides energy focusing, while the second reflectron, which is
acurved field reflectron, provides both energy focusing and time dispersion of ions having
different masses. At the same time, another two-reflectron tandem TOF mass spectrometer
was developed by Enke [51]. However, it differs from the mass spectrometer developed by
Cotter. The second reflectron isalinear field reflectron and the fragmentation of theionsis
induced by photodissociation.

A common drawback of these two instruments is the impossibility to observe any
metastable fragmentation which occurs in the first mass analyser between the source and
thefirst reflectron. Because these fragment ions penetrate in the first reflectron, they do not
arrive at the deflection gate and collision cell at the sametime astheir precursors. Thus, they
do not contribute to the detected fragment ions and are not recorded in the fragmentation
spectrum of the selected ion. Since such metastable fragmentations are generally not minor
processes, this reduces the efficiency of these mass spectrometers.

2.4.5 Orthogonal Acceleration Time-of-Flight Instruments

TOF analysers are directly compatible with pulsed ionization techniques such as plasma or
laser desorption because they provide short, precisely defined ionization times and a small
ionization region. However, to take advantage of TOF analysers, it isinteresting to combine
such powerful analyserswith continuousionization techniques. Theseionization techniques
can be compatible with TOF analysers but require some adaptations to pulse the source
or to transform a continuous ion beam into a pulsed process. For instance, the coupling of
an ESI (or any other API) source with a TOF mass spectrometer is difficult, because ESI
yields a continuous ion beam, whereas the TOF system works on a pulsed process.
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The most basic approach to transform a continuous ion beam into a pulsed process for
use with TOF spectrometers has been by sweeping the ion beam coming out of the source
over a narrow dlit to the TOF spectrometer, thereby yielding an axia pulsed inlet in the
analyser. Indeed, the incoming ion beam was injected along the same axis as the TOF
analyser. However, most of the ions generated from the ion source were blocked by the dlit
and were logt, allowing only a small portion of the generated ions to be introduced into
the analyser. The utilization ratio of ions or sample in these systems, also defined as the
duty cycle, was very low. Another approach involves pulsed ion extraction, in which short
packets of ions are periodically extracted from the source.

It is now well established that orthogonal injection, also known as orthogona accel-
eration (0a), is the best technique for coupling continuous ionization sources with a TOF
analyser. This technique was developed initially by O’ Halloran et al. in the 1960s [52], but
it was unknown to most researchers and was independently reinvented by different groups
at the beginning of the 1990s [53,54]. A schematic diagram of an oa-TOF spectrometer
with linear mass analyser is presented in Figure 2.46. However, an orthogonal acceleration
with reflectron TOF analyser is also possible.

The sample is continuously ionized in the ion source. For positive ions, the source is
held at a positive voltage of Vpeam. 10N optics focus the resulting ions into a parallel beam
and direct it to the orthogonal accelerator. The beam continuoudly fillsthefirst stage of the
ion accelerator in the space between the plate and grid 1 (G1). Initially the voltage on the
plateis at the same ground level (0V) asthe grid 1. Thus, at this point, thisregion isfield
free, so ions continue to move in their original direction. Then an injection pulse voltage
of Vinjection IS applied to the plate. The ions between the plate and grid 1 are pushed by
the resulting electric field in a direction orthogonal to their original trajectories, and begin
to fly towards the analyser. After passing through grid 1, the ions are further accelerated
towards grid 2 (G2) and enter into the field-free drift region at a potential of Vi, where
TOF mass separation occurs.

When all ions have moved to thefield-free region through grid 2, the voltage on the plate
isrestored to 0V and ions from the ion source begin to fill the space between the plate and
grid 1 again. Thus, during the time that the ions continue their flight in the free-field region,
the orthogonal accelerator isrefilled with new ion beam. Oneflight cycle will end when the
ion with the highest m/z reaches the detector. Another flight cycle will begin by reapplying
a pulse voltage to the plate. In practice, a pulsed electric field is applied to the plate at a
frequency of several kilohertz. The analyser and the ion detector are similar to those used
with pulsed ionization sources, apart from differences associated with a larger beam size
(usually a few centimetres) that is determined by the size of the orthogonal accelerator
aperture.

Thedirection of ion flight in the field-free region is not fully orthogonal to the direction
of ions introduced. Indeed, orthogonal acceleration gives a new component of velocity
to the ions that are in the ion beam. This component is orthogonal and thus independent
of the velocity of the ions in the beam. But ions that are pushed in the TOF analyser also
keep the velocity that they had in the ion beam. Thus, their spontaneous drift trajectories
in the field-free region are inclined from the flight tube direction according to the ratio of
their components of velocity in the ion beam and TOF directions. For al ions to have the
same inclination, they must have the same kinetic energy in the ion beam direction when
they are introduced. In other words, if ions do not have the same kinetic energy in theion
beam direction, aresulting divergence of drift trajectories is observed.
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Figure 2.46
Schematic description of orthogonal acceleration with linear mass analyser. Pulses of ions
are injected orthogonally from a continuous ion beam into a TOF analyser.

Orthogonal injection provides a high-efficiency interface for sampling ions from con-
tinuous beam to a TOF analyser. The TOF analyser allows simultaneous transmission of
al ions and therefore al the ions formed are analysed. However, the duty cycleisfar from
100% for the oa-TOF spectrometer and it is lower than for the TOF spectrometer. This
is due to the orthogonal accelerator that samples to the analyser only a part of the ions
produced in the source. The duty cycle, despite this fact, is between 5 and 50%. This
is a considerable improvement over the conventional techniques described for coupling a
continuous source to a TOF spectrometer.

As aready mentioned, the orthogonal accelerator is filled with new ions from the ion
source while the sampled ions are simultaneously analysed in the field-free region. New
ions cannot be injected until the ions from the previous injection have reached the detector.
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But the time required for the ion beam to fill the orthogonal accelerator is lower than
the time required for the sampled ions to fly to the detector. Therefore, a part of the ions
produced in the source are not pushed to the flight tube and are lost in the first stage of the
orthogonal accelerator. The upper limit on the duty cycle for oa-TOF is determined by the
ratio between the length L of the ions packet that is sampled and accel erated to the analyser
and the distance D travelled by the ion beam between two successive injection pulses. L
is determined by the size of the orthogonal accelerator aperture. D is the distance between
the centres of the orthogonal accelerator aperture and the detector. Indeed, ions have the
same velocity in the direction of the beam in the flight tube asin the orthogonal accelerator.
Therefore, the distance travelled by the ion beam between two successive injection pulses
in the first stage of the orthogonal accelerator is the same as the distance travelled by the
ion in the flight tube between the orthogonal accelerator aperture and the detector.

Another important advantage of orthogonal injection isits ability to minimize theinitial
velocities in the TOF direction and, simultaneously, to reduce the dispersion of these
velocities. Thisisdueto the formation of aparallel ion beam with orthogonal orientation to
theflight tube. Thisfavourably affects mass resol ution, mass accuracy and mass calibration
stability. This makes easier to achieve resolutions of more than 10 000.

The ions produced in the source may be introduced directly into the orthogonal accel-
erator through beam optics that only shape and direct these ions into a parallel ion beam.
As a result, the performance of this system is limited by the characteristics of the ion
beam produced by the source. Therefore, thisdirect introduction has some limitations. One
of these limitations unfavourably affects the sensitivity. Indeed, the ions usually diverge
from the source. And the production of the narrow cross-section beam required for high
resolution induces a significant loss of ions. Another limitation of direct introduction may
lead to significant mass discrimination and comes from the velocity distribution of the
ionsin the beam direction. This velocity distribution leads to kinetic energy spread of the
beam ions that induces mass discrimination because, as already mentioned, the directions
of spontaneous drift trajectories in the field-free region are kinetic energy dependent. And
ions at the extremes of the kinetic energy spread follow trajectories that do not strike the
active area of the detector.

It is possible to overcome these limitations by using an RF multipole ion guide that
operates at apressure of several milliTorr. Thision guideisdesigned to transport efficiently
the ions produced by the ion source to the orthogonal accelerator. Itisacritical component
of the system because it not only focuses the ions from the source, but aso controls the
kinetic energy of these ions by collisional cooling (also caled collisional damping). This
alows the high resolution and high sensitivity of the TOF analyser to be achieved. Indeed,
a multipole has the property of focusing the trajectories of the ions towards its central
axis, whereas collisions with the molecules of ambient gas provide both radial and axial
collisional cooling of ion motion. Theions collide and gradually losetheir kinetic energy to
become thermalized, reducing both the energy spread and the beam diameter. The ions are
then are reaccel erated to give a nearly monoenergetic beam in the axial direction towards
the first stage of the orthogonal accelerator.

The ion guide produces an ion beam independently of the origina parameters of the
beam delivered by the source and with highly favourable properties for the oa-TOF mass
spectrometer. As a result of the decoupling of the ion source and mass analyser, the per-
formance of the instrument is independent of source conditions and this leads to improved
resolution and sensitivity.
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Schematic diagram of a MALDI orthogonal acceleration TOF
instrument.

The 0a-TOF analysers are suited for any of the different ionization techniques. An oa
TOF instrument has even been adapted with pul sed ionization techniques such asaMALDI
source. The configuration of such an instrument is shown in Figure 2.47.

2.5 Magnetic and Electromagnetic Analysers

Consider an ion of mass mand charge g, accelerated in the source by a potential difference
Vs. At the source outlet, its kinetic energy is

Ec= " =gV, 2.2)

2.5.1 Action of the Magnetic Field

If the magnetic field has adirection that is perpendicul ar to the velocity of theion, the latter
is submitted to aforce Fy, as described in Figure 2.48. Its magnitude is given by

FM = qUB

Theion followsacircular trgjectory with aradiusr so that the centrifugal force equilibrates
the magnetic force

2

quB = ™ o mv= qBr (2.3)
r

For every value of B, the ions with the same charge and the same momentum (mv) have
acircular trajectory with a characteristic r value. Thus, the magnetic analyser selects the
ions according to their momentum. However, taking into account the kinetic energy of the
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Figure 2.48
Orientation of the magnetic force on a moving ion.

ions at the source outlet leads to

mv? = 2q Vs
Hence

m r2B?

q 2V

If the radius r is imposed by the presence of a flight tube with a fixed radius r, for a
given value of B only theionswith the corresponding value of m/q go through the analyser.
Changing B asafunction of time allows successive observations of ionswith various values
of n/g. If q=1for dl of theions, the magnetic analyser selects the ions according to their
mass, provided that they al have the same kinetic energy. Thus the magnetic analyser
(which is fundamentally a momentum analyser) can be used as a mass analyser provided
that the kinetic energy of theions or at least their velocity is known.

Instead of positioning a guide tube and detecting the ions successively while scanning
the magnetic field, it isalso possible to use the characteristic that ions with the same kinetic
energy but different m/q ratios have trgjectories with different r values. Such ions emerge
from the magnetic field at different positions. These instruments are said to be dispersive.
Figure 2.54 shows two possibilities. Furthermore, Equations (2.2) and (2.3) yield

2mEy

qB
The result is that ions with identical charge and mass are dispersed by a magnetic field
according to their kinetic energy. In order to avoid this dispersion, which alters the mass

resolution, the kinetic energy dispersion must be controlled. This is achieved with an
electrostatic analyser.

r =

2.5.2 Electrostatic Field

Suppose aradia electrostatic field is produced by acylindrical condenser. Thetragjectory is
then circular and the velocity is constantly perpendicular to the field. Thus the centrifugal
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Figure 2.49
Left, energy dispersion; right, angular dispersion.

force equilibratesthe el ectrostatic force according to the following equation, where E stands
for the intensity of the electric field:

Introducing the entrance kinetic energy,
_ 25
qE
Since the trajectory is independent of the mass, the electric field is not a mass analyser, but

rather a kinetic energy analyser, just as the magnetic field is a momentum analyser. Note
that the electric sector separates the ions according to their kinetic energy.

r

2.5.3 Dispersion and Resolution

The resolving power of an analyser was defined earlier. We have seen at the beginning of
this chapter how the resolution depends inversely on the dispersion at the analyser outlet.
Three factors favour the dispersion, and thus the loss of resolution:

1. If theions entering the field do not have the same kinetic energy, they follow different
trajectories through the field. Thisis called energy dispersion (Figure 2.49).

2. If theions entering the field follow different trajectories, this divergence may increase
during the trip through the field. Thisis called angular dispersion (Figure 2.49).

3. Theincoming ions do not originate from one point, but issue from adlit. The magnetic
or electric field can only yield, at best, a picture of that slit. The picture width depends
on the width of the slit and on the magnifying effect of the analyser.

2.5.3.1 Direction Focusing

Anion entering the magnetic field a ong atrajectory perpendicular to thefield edge follows
acircular trajectory as was described earlier. Anion entering at an angle « with respect to
the previous perpendicular trajectory follows a circular trgjectory with an identical radius
and thus converges with the previous ion when emerging from the sector (Figure 2.50).
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Figure 2.50
Direction focusing in a magnetic sector.
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Figure 2.51
Direction focusing in an electric sector.

Choosing the correct geometry of the magnetic field (sector field) thus allows focusing of
the incoming beam.

Anion entering the el ectric sector perpendicular to thefield edgefollowsacurved tragjec-
tory, aswas described earlier. However, if theion trajectory at theinlet is not perpendicul ar
to the edge, itstrajectory islonger if it entersthe sector closer to the outside and shorter if it
enters the sector closer to the inside (Figure 2.51). Here again a suitably chosen geometry
resultsin direction focusing.

2.5.3.2 Energy Focusing

As can be observed in Figure 2.52 when a beam of ions with different kinetic energies
issues from the source, the electric and magnetic sectors produce an energy dispersion
and a direction focusing. If two sectors with the same energy dispersion are oriented asis
shown in Figure 2.53, the first sector dispersion energy is corrected by the second sector
convergence. Double focusing instruments use this principle. A few examples appear in
Figure 2.54. Rudimentary ion optics of the mass spectrograph have been described in a
simple yet usable manner by Burgoyne and Hieftje [55].

2.5.4 Practical Considerations

The magnetic instrument’s sources must function with potentials Vg of about 10kV. The
vacuum in the source must thus be very high so asto avoid arcing.

Classical magnets were not well suited to fast scanning, which is necessary for GC
coupling, for instance, because of the hysteresis phenomenon and the magnet heating up
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Figure 2.52
Energy dispersion: above in an electric sector and below in a
magnetic sector.
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Figure 2.53

Combination of the two sectors, electrical and magnetic, shown
in Figure 2.52; the magnetic sector is turned over so as to obtain
double focusing.

by the Foucault currents induced by rapidly changing magnetic fields. Lamellar magnets
avoid such inconveniences; they have been well developed and are now widely used.

It can be shown that magnetic instruments function at constant resolution R=nvsm.
As aresult, sm varies in proportion to m. In the low-mass range smis small, while in the
high-mass range it islarge. As an example, suppose the resolution is adjusted to 1000. For
an ion with mass exactly 100.0000, sm= 100/1000=0.1. An ion with mass 1000 yields
dm=1000/1000 = 1. The ion with mass 100 is observed while the instrument is scanning
from mass 99.95 to 100.05. At mass 1000, this ranges from 999.5 to 1000.5. If the scanning
iscarried out so as constantly to cover amass unit within atimet, theion with mass 100 is
observed during atime equal to 0.1t, while that with mass 1000 is observed during 1t. So
if the number of ions produced in the source during thistime t is the same at mass 100 as
at mass 1000, then the total number of ions measured at the detector is 10 times smaller at
mass 100 than at 1000: the number of detected ions does not correspond to the number of
ionsthat are produced. The scanning is thus made exponential in order to correct this error
and the time spent scanning at mass 100 is 10 times longer than that at mass 1000. The
number of detected ionsis then proportional to the number that is produced.
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B = magnetic sector; E = electric sector. Six types of magnetic mass
spectrometers are displayed. Instruments 4, 5 and 6, with double
focusing, are most frequently used. Instrument 4 is dispersive, while
5 and 6 are scanning types. The photographic plate in 4 can be
replaced by an array detector for limited mass ranges. Reproduced
from Finnigan MAT documentation, with permission.

An alternative technique allows oneto increase artificially the mass accuracy of magnetic
spectrometers at agiven resolution; thisis called peak matching. This technique consists of
comparing themasses of two compoundsthat aresimultaneously ionized in the spectrometer
source: one is unknown and its exact massis sought; the other isareference and its massis
known with accuracy. This comparison is achieved by avery rapid alternative modification
of the acceleration voltage so as to focus the two ions, the intensities of the magnetic and
electric fields being kept constant. The match is perfect when the two masses profiles
exactly overlap. If the acceleration voltages necessary for the focusing of the two ions
are known with accuracy, the mass of the unknown compound can be determined with
accuracy.

Since sources were devel oped that produce high-mass ions, researchers have sought to
extend the range of mass spectrometers. In the case of magnetic instruments, the basic
eguation shows how to act on the mass range:

m r2B2

q 2V
where Vs, the accel eration voltagein the source, can bereduced. Thisisaclassical approach,
but it entails aloss of resolution and sensitivity.
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Increasing B allows one to increase the mass range while keeping Vs constant. It is not
possible to use superconducting magnets because the magnetic field cannot be scanned
over a wide range, as is required for these instruments. Classical magnets alow one to
reach a maximum field that depends on the nature of the alloy being used; the highest
value is obtained with Permadur, a steel containing cobalt. The maximum is then 2.4T.
Finally, another technique consistsof increasing theradiusr. Thiscausesadirectincreasein
instrument size, especially because a greater radius corresponds to a greater focal distance.

Recent instruments have attempted to overcome this inconvenience by modifying the
ion trajectories and thusthe focal distances. Thisisachieved by using two factors. First, the
entrance and outlet angles of theions can be different from the normal perpendicular to the
field edge. Second, inhomogeneous fields can be used that modify the ion trgjectories. For
example, on a Kratos M S50RF instrument, the focal distance was reduced by 60% using
ainhomogeneous field.

2.5.5 Tandem Mass Spectrometry in Electromagnetic Analysers

We saw that some ions decompose during the flight inside the analyser. These metastable
or collision-induced fragmentations can occur in different parts of the instrument. The
fragmentations that occur inside the analyser are normally not observable. However, those
that occur in the field-free regions can be observed under proper experimental conditions
and yield interesting information. The first region located between the source and the first
analyser is called thefirst field-free region. The second field free region islocated between
the first and the second analysers, and so on. They can have dimensions ranging from a
few centimetres to a metre. The region that is most appropriate to the type of study being
carried out is chosen: ion structure, reaction mechanism, thermochemical determinations,
ion—molecule reactions, and so on.

I nstruments with combined magnetic and el ectric anal ysers can be assembled according
to either of two configurations. The electric sector islocated either in front of the magnetic
sector, which is the most frequent case, or behind it. The magnetic sector islabelled B and
theelectric sector islabelled E. Thefirst configurationiscalled EB (or also ‘ Nier—Johnson’).

Thegeometry islessfrequently aBE one. It issometimes called a‘ reverse Nier-Johnson’
or ‘reverse geometry’. This geometry alows an easier analysis of the ion kinetic energy
(IKE or MIKE spectrometry).

MS/MS is possible with a double sector instrument even though it cannot exactly be
considered as made up of two mass spectrometers hooked in series. A technique called
linked scan is used. It consists of a simultaneous scan of the E and B sectors according to
amathematical relationship depending on the system geometry, on the region under study
and on the type of information that is |ooked for. These different types of scans are listed
in Table 2.4.

We will now examine the most common types of scans.

2.5.5.1 Detection of Metastable Ions in Normal Scan

All of the ions have the same kinetic energy at the source outlet. If an ion dissociatesin a
field-free region, the fragments have approximately the same velocity as the precursor ion
and thus have different kinetic energies from that of the precursor ion. Since the electric
sector sorts the ions according to their kinetic energy, all of the metastable ions formed
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Table 2.4 Types of scans for electromagnetic analysers. FFR1:
first field-free region; FFR2: second field-free region.

EB configuration

Product ion spectrum FFR1 B/E constant

Precursor ion spectrum FFR1 B?/E constant

Neutral loss spectrum FFR1 (B?/E?)(1 — E) constant
BE configuration

Product ion spectrum FFR1 B/E constant

FFR2  Escan (MIKE)
Precursor ion spectrum FFR1 B?/E constant
FFR2  BZE constant
Neutral loss spectrum FFR1 (B?/E?)(1 — E) constant
FFR2 B2(1 — E) constant

before the el ectric sector are not observed in the normal spectrum. Thusthe metastableions
produced in the first field-free region of an EB spectrometer or in BE instruments are not
detected in anormal scan. Only EB instruments produce spectra that show the metastable
ions formed between the two sectors. At the electric sector outlet the ion with a mass my,
has a velocity

2qV

mp

vV =

The fragment ion with mass nm has the same vel ocity, and thus a momentum

|2q Vs
msv =ms [ ——
Mp

Sincethefocusing condition in the magnetic sector is Bq = mu/r, we have, for the precursor

with mass my:
1
= ML v
qr

and for the fragment with mass :

_m |29V

qr mp

By

which corresponds to an apparent measured mass nr*:

* V . ) 2
Bi= |, =" /ﬁ which gives m* = "1
qr qr mp mp

The ion issuing from the metastable fragmentation shows up at the apparent mass nv,
linked to my, and ¥ through the relation m* = m?/my. The kinetic energy released during
the fragmentation brings up a dispersion in velocity, thus an alteration in the resol ution.
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Figure 2.55

Example of a theobromine spectrum obtained with a magnetic instrument using
an EB configuration. The signal detected at an apparent m/z 87.9 comes from
the metastable fragmentation of the ion at 137 Da, which loses 28 Da and yields
the 109 Da fragment. Similarly, the signal at apparent m/z 104.3 comes from the
metastable fragmentation 180 — 137 Da. Reproduced from Kratos documenta-
tion, with permission.

Figure 2.55 shows as an exampl e the spectrum of theobromine, the metastable fragmen-
tation of which is shown in the scheme.

2.5.5.2 BE Instruments and MIKE Spectroscopy

Mass analysed ion kinetic energy (MIKE) isthe simplest observation method for metastable
or collision-induced ions. It requires an instrument with a reverse BE geometry.

At the source outlet, every ion, if we consider only the singly charged ones, has akinetic
energy expressed by the following equation:

V. m U2
eVg = 2

Thiskinetic energy is constant throughout the flight.

If an ion dissociates between the magnetic and electric sectors, the fragments have, asa
first approximation, the same velocity as the precursor ion.

Consider anion M with mass m, yielding afragment F with mass . The fragment has

the velocity v, of theion M. The kinetic energies are, respectively,

Ep=eV, = m;vp
msv
Eg = 5
We therefore deduce
Exp _ mp
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Theions going through the electric sector must obey the condition

mU2

ek = —
-

Normally, the value of E is the same for all the primary ions, because they all have the
same kinetic energy. The metastable ions are then eliminated: they are not observed in the
normal spectrum taken with a BE instrument. However, if we modify the value of thefield
E so that

2 2
mMpvg ms

and eFE; =

eE, =
P r

then the value E; of the metastable ion field is observed. Thus,
Ey mp

Ei  mg

Knowing the ratio E,/Es and the value of m, allows us to determine the mass iy of the
fragment that is observed. The result is MIKE.

Normally, it is sufficient to isolate a beam of precursor ions by the magnetic sector
(constant B value) and to scan the electric sector. As opposed to the other linked scans, the
MIKE experiments exploit the independent use of the magnetic and electric sectors.

A first important use for MIKE is the determination of the fragment filiations that
are observed in the spectrum. Such information is, of course, important for establishing
fragmentation mechanisms.

The analysis we carried out supposes that the fragment ion retained the velocity of the
precursor. Thisistrueonly if the fragmentation occurswithout any rel ease of kinetic energy.
Usually the fragmentation goes along with a conversion of part of the internal energy into
kinetic energy of the fragments. If the reaction releases kinetic energy E;, the fragment
then has a kinetic energy ranging from (Eys + Ef) and (Exs — Ez), depending on whether
the orientation of the precursor ion induced an increase or a decrease in the velocity. This
variation results in a widening of the peak compared with the width due to the normal
dispersion of velocities and to the instrument resol ution.

The MIKE technique thus allows a direct measurement of the kinetic energy that is
released during the fragmentation between the magnetic and electric sectors, in a BE con-
figuration instrument, by scanning the electric sector. The kinetic energy T released during
the fragmentation of a metastable ion can also be measured by scanning the acceleration
potential high-voltage scan. Both of these methods are shown in Figure 2.56 [56].

2.5.5.3 The B/E = Constant Scan

Consider an ion that fragments between the source and the first analyser. The fragment
aways has the velocity of the precursor. If the precursor is focused in the magnetic sector
for afield By such that

the fragment ion is focused for
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Figure 2.56

Widening of metastable peaks analysed by high-voltage scan (left) and
electric sector scan MIKES (right) and resulting from the kinetic energy
that is released during the fragmentation. Reproduced from Cooks R.G.,
Beynon ]J.H., Caprioli R.N. and Lester G.R., ‘Metastable Ions’, Elsevier,
New York, 1973, with permission.

Hence
Bp _mp

Bs ms
For the electric sector, these conditions are

Er  mi B
or
B, B
2P — ' _ contant
Ep E;

The measurement principle is the following: both of the instrument sectors are first
focused on the precursor normal focusing values. The magnetic and electric fields are then
simultaneously scanned so as to respect the condition that B/E = constant by reducing the
values of B and E with respect to their initial values. All of the fragments from the selected
precursor are thus successively detected. Thisis called the B/E linked scan. Note that this
technique is useful both for BE and for EB geometry instruments. The mass resolution
is better than for the MIKE technique, as double focusing is still available. However, as
the energy dispersion of the ions remains relatively high, especially if a collision gas is
used, only aweak resolution is possible in order to have sufficient sensitivity. The effective
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resolution is about 350, which allows one to reach up to a 350 Da mass with a ‘unit’ or
better resolution. Thistype of scan does not yield information on the kinetic energy that is
released, since ions with equal masses but with different kinetic energies are focused upon
one point.

2.5.5.4 The B%/E = Constant Scan

The fragment and precursor ions produced in the source carry the same kinetic energy

(mpvg = m¢v?). However, the fragment ions formed in the first field-free region have a

velocity that isidentical with that of their precursorsissued from the source (vp = vy).
Given E; and By, the respective values of the electric and magnetic fields allowing the

transmission of fragment ions produced in the source

2

nt Vg nmys vf

elEy = and eB; =

r’ r
and E; and B; the values of the electric and the magnetic fields allowing the transmission
of the fragment ions produced in the first field-free region from the same precursors,

ms v§2

r/

eE; = and eB{ =

the following relationships can be established:

2
Ey _ mpof  MpYy  mp

E{ a mfvf’2 - msvj ms
B _mw _ v _ fmp
Bf/ mfvf’ Up ms
Hence
2 2

B _ By’ _

—L = — = congtant

E¢ E;

In fact, the initial values of the magnetic and electric fields are those alowing the
detection of selected fragment ions issuing from the source. Then the two sectors are
scanned simultaneously, while keeping B?/E constant.

Another scanning technique, the defocusing voltage scan, allows the determination of
precursor ions from a given fragment.

2.5.5.5 Accelerating Voltage Scan or Defocusing

If an ion fragments between the source outlet and the first analyser, the product ion has
the same velocity as the precursor, instead of its own velocity, and thus is not detected.
However, if the precursor is accelerated to a velocity equal to that needed by the product
ion to be focused, then the product ion is detected:

2 2
mpvp _ ms Vf

2 2

In order for the product ion of mass iy issuing from the precursor of mass m, to be
focused, the precursor ion has to be accelerated, before its dissociation, by a potential

eV, =
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difference V’ such that its velocity is vs. We thus have

2
Mpty
eV, = >
Dividing the last two equations, we obtain:
Vi _mp
VS mg

In order to exploit the method, we proceed as follows. First, the instrument is entirely
focused on an ion issuing from the precursors we want to identify, with a source potential
Vs. The potential Vs is then progressively increased. The fragment ion is ‘defocused’ if it
is produced inside the source, but detected again every time the potential V' corresponds
to a precursor of thision. The mass my, of the precursor is easily calculated:

V/
mp = (ﬁ) mi
s

It is thus possible to detect and analyse the mass of all of the precursors of a given
fragment, so long as they yield a metastable or collision-induced fragmentation.

2.5.5.6 Constant Neutral Loss Scan: B2(1 — E)/E? = Constant Scan

Some groups give rise to the loss of typical neutrals. Consider the alcohols as an example,
asthey easily lose H,O. The detection, in a spectrum, of all the fragments that lose 18 Da
allows the detection of those with a high probability of containing one of the hydroxyl
groups of the starting molecule.

During a chromatographic analysis, the detection of compounds that give rise to losses
of 18 Da leads to highly selective detection of the chromatographic peaks of compounds
containing a hydroxyl group. This technique is called neutral 1oss scanning.

Given m, asthe mass of aneutral loss, then starting from a precursor with mass my, the
fragments with amass m equal to m, — m, have to be focused.

Thefocusing condition in the electric sector iswritten in the sameway asfor theanaysis
of the product ions:

m = 5:5:1—@
mp Ey, mp
mn
mp =
T (1-E)

The focusing condition in the magnetic sector is again that the B value corresponds to an
ion with an apparent mass m* such that

m* = — =miE" = (mp — mp)E

mn ;L mpE’?
= ((1—E/)—mn>E =)

m* mpE’ _ rZBf2
N 2V
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Figure 2.57

Metastable map obtained by scanning B for different
values of E using a heptadecane sample. Reproduced
from Kratos documentation, with permission.

Grouping the constant terms on the right, we obtain
Bf (L—E')  2m,V,
E2 - qr2
If the scan is carried out while respecting the condition deriving from this equation, the

fragment ion formed between the source and the analyser is passed on by the two sectors
only if it differs by a constant mass m, from its precursor.

= constant

2.5.5.7 The Metastable Map B =1{(E)

A map of the detected ions can be drawn as a plot of B as a function of E. In order to
obtain experimental points, E is kept constant and B is scanned. Then E isincreased and a
new scan of B is carried out. Repeating this process allows one to cover all of the possible
combinations of E and B within a chosen range. Such a map contains simultaneously any
function of B and of E, asis shown in Figure 2.57.

2.5.5.8 Instruments with More Than Two Sectors

We can imagine combining more than two sectors, thereby obtaining an increasing number
of possibilities for MSMS analyses. Instruments with three and four sectors in some
configurations are commercialy available.

The combination of two electric sectors and two magnetic sectors within an EBEB
configuration, for example, allows, in theory, the high-resolution analysis of both the pre-
cursors and the fragments. However, the ions produced during the fragmentation have the
velocity of the corresponding precursors. If acollision chamber islocated between the two
mass spectrometers and if the ions are not slowed, then the situation at the inlet of the
second analyser isthe same as that prevailing for the fragments formed between the source
and the analyser in single analyser instruments. The focusing condition was shown earlier.
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Common combinations of electric (E) and magnetic (B) sectors
and collision cells (C).

It calls for scanning while keeping the B/E ratio constant and equal to the value that this
ratio normally has for the precursor ion.

The second instrument must thus scan according to a function that depends on the
precursor selected in the first analyser. In practice, this can only be carried out through
automatic computer control.

The second possible solution consists in slowing down the ions issuing from the first
spectrometer, in achieving low-energy collisions and then in reaccel erating the ions so that
they all have the same kinetic energy. The second analyser then functions as a normal
spectrometer. However, the greater energy dispersion brings about a resolution loss of the
second spectrometer. Figure 2.58 shows examples of such configurations.

2.6 Ion Cyclotron Resonance and Fourier Transform
Mass Spectrometry

2.6.1 General Principle

We saw how the trajectories of ions are curved in a magnetic field. If the ion velocity is
low and if the field isintense, the radius of the trgjectory becomes small. The ion can thus
be ‘trapped’ on a circular trgjectory in the magnetic field: this is the principle of the ion
cyclotron or Penning trap.

Suppose that an ion isinjected into a magnetic field B with avelocity v. The equations
are

Centripetal force: F = qvB

I’I’lU2

Centrifuga force: F' = —
,
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Diagram of an ion cyclotron resonance instrument. The
magnetic field is oriented along the z axis. Ions are in-
jected in the trap along the z axis. They are trapped along
this axis by a trapping voltage, typically 1V, applied to
the front and back plates. In the xy plane, they rotate
around the z axis owing to cyclotron motion and move
back and forth along the z axis, between the electro-
static trapping plates. The sense of rotation indicated is
for positive ions. Negative ions will orbit in the opposite
sense.

The ion stabilizes on atragjectory resulting from the balance of these two forces:

mv2 muv
quB=— of gB=—
r r

Theion completes acircular trgjectory of 2zr with afrequency

v
V= —
2mr
Thus the angular velocity w is equal to
we = 2TV = v ZB
r m

As aresult of this equation, the frequency and the angular velocity depend on the ratio
(o/m)B, and are thus independent of the velocity. However, the radius of the trajectory
increases, for agiven ion, in proportion to the velocity. If the radius becomes larger than
that of the cell, theionis expelled.

In practice, theionsareinjected into abox (Figure 2.59) afew centimetresalong itsside,
located in amagnetic field of 3to 9.4 T produced by a superconducting magnet. For a3 T
field, the cyclotron frequency is1.65 MHz at 28 Th and 11.5 kHz at 4000 Th. The frequency
range is thus very large. Currently (2007) magnets giving a 15T maximum field are used.
Magnets of 24 T have been tested at the National High Magnetic Field Laboratory. [57]

The relationship between the frequency and the mass shows that determining the mass
in this case consists of determining the frequency. The latter can be measured according to
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several methods which are classified into one of two categories: those based on observing
isolated frequencies and those using complex waves and Fourier transforms.

2.6.2 Ton Cyclotron Resonance

The first application of ion cyclotron resonance (ICR) to mass spectrometry is due to
Sommer. [58]

Irradiating with an electromagnetic wave that has the same frequency as an ion in the
cyclotron allows resonance absorption of this wave. The energy that is thus transferred to
the ion increases its kinetic energy, which causes an increase in the radius of the trajectory.
The ‘image current’ that isinduced by theions circulating in the cell wall perpendicularly
to the trajectory of the ions can be measured. In this case an ion excitation phase, targeting
only ions with a given mass so as to have them fly close to the wall, aternates with a
detection phase.

To be detected, ions of a given mass must circulate as tight packets in their orbits. lons
of the same mass excited to the same energy will be in the same orbit and rotate with the
same frequency. If, however, they are located anywhere on the orbit, when one ion passes
close to one of the detecting plate then statistically there will be another ion of the same
mass passing close to the opposite detecting plate. The resulting induced current will be
null. To avoid this, ions have to be excited in avery short time, so that they are all grouped
together in the orbit, and thus in phase.

2.6.3 Fourier Transform Mass Spectrometry

Fourier transform mass spectrometry (FTMS) was first described by Comisarow and Mar-
shall in 1974 [59, 60] and was reviewed by Amster [61] in 1996 and by Marshall et al.
[62] in 1998. This technique consists of simultaneously exciting all of the ions present
in the cyclotron by a rapid scan of a large frequency range within a time span of about
1us. Thisinduces atragjectory that comes close to the wall perpendicular to the orbit and
also puts theions in phase. This allows transformation of the complex wave detected as a
time-dependent function into a frequency-dependent intensity function through a Fourier
transform (FT), as shown in Figures 2.60 and 2.61.

lons of each mass have their characteristic cyclotron frequency. It can be demonstrated
that ions excited by an AC irradiation at their own frequency and with the same energy,
thus the same V potential, applied during the same time T, Will have an orbit with the
same radius, and with an appropriate radius will all pass close to the detection plate:

o VoTexc
Bo

Thisequation, demonstrated in [62], isindeed independent of the my/z ratio. Thus broadband
excitation will bring al theions onto the same radius, but at frequencies depending on their
m/z ratio, provided that the voltageisthe same at each frequency. This can be best performed
by applying a waveform calculated by the inverse Fourier transform, namely SWIFT [63].

As usual for a technique based on Fourier transform, the resolution depends on the
observation time, which is linked with the disappearance of the detected signal (relaxation
time). Here the disappearance of the signal mainly results from the ions being slowed by

r
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Figure 2.60

Principle of the Fourier transform: a
sound signal whose intensity is measured
as a time-dependent function is made up
of many frequencies superposed one over
the other, each with its own intensity. The
Fourier transform allows one to find the
individual frequencies and their intensi-
ties. Reproduced (modified) from Finni-
gan MAT documentation, with permis-
sion.
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Signal intensity as a function of time is transformed, through a Fourier trans-
form, into intensity as a function of frequency, and hence into an intensity
to m/z relationship. Redrawn from Amster L]., J. Mass. Spectrom., 31, 1325-
1337, 1996, with permission.
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the residual ion—molecule collisions. In order to achieve high resolution, a very high cell
vacuum is necessary (about 10~° Pa), which is an important limitation to this technique.

TheFT requiresaconsiderableamount of cal culation, asthe sampling vel ocity must be at
least twice as great asthe highest frequency that has to be measured (Nyquist theorem). The
dataflow to betreated is very large and needs appropriate computers. Thisinconvenienceis
impossible to overcome in the case of coupling with a chromatographic technique, unless
we only want the spectra of avery limited number of components.

Comparing FTMS with Fourier transform nuclear magnetic resonance (FTNMR), we
first notice how the frequency range to be covered here is very large. Second, relaxation in
NMRisinvariably linked with theinteraction among liquid-phase or solid-phase molecules.
In the gas phase, relaxation depends on the vacuum and on the stability of the ions being
observed. If the vacuum is not sufficient, collisions slow the ions and their movement
becomes incoherent. The observation of anion isaso limited to itslifetime.

FTMS allows one to achieve time spans of about 1 s per spectrum, such asin other mass
spectrometric methods.

These instruments are sensitive enough to detect about 10 ionsin the cell. However, the
number of ions in the cell cannot exceed 10°, as the repulsion between the ions scatters
them considerably. The dynamic range is thus limited to about 10°.

Techniques based on cyclotron resonance are aso interesting because they alow the
observation of ions over long time spans. This allows the study of slow fragmentations that
are not observablein classical mass spectrometry, and also equilibria between ionic species
and ion—molecule reactions.

Thepossibility of selectively eliminating ionsfrom the cell through intenseirradiation at
resonance frequencies, and of eventually keeping only ions of asingle masswithin the cell,
offers possibilities for the high-resolution study of ion reactions. For example, agas-phase
acidity scale was obtained with this method [64].

Using an ES| source coupled to an ICR FTMS system, Smith et al. [65] were able to
observe an ion with a mass of 5 x 108 Da, with 2610 charge units. One ion was isolated
in the cell and alowed to discharge with a collision gas. Figure 2.62 shows that the ion
dischargesin a quantified way. The number of charges can be deduced from the mass shifts
that are observed.

2.6.3.1 Additional Features of Modern FTMS

In modern FTICR instruments, an ion of mass m and charge q is subjected to an axial
homogenous magnetic field B and a quadrupolar electric field E derived from a potential
V =Vo(Z — p?2)/2d?, with d? = (z5 + p3/2)/2, where pg is the polar coordinate in the xy
plane.

The motion of this ion results [66] from the superposition of an axial oscillation due
to the trapping voltage Vo on the end plates separated by a distance d with frequency
w, = (QVo/md?)Y2, a cyclotron motion with frequency w. = gB/m and a magnetron motion
with frequency wm = w2/2w. 1t can be shown that

om K wz K we

so that the magnetron motion (Figure 2.63) has a radius much larger than the cyclotron
motion.



162 2 MASS ANALYSERS

t=55-60s
t=44-54 s
t=38-43s
:
t=0-37s
[TTTTT T T rr T rrr T
2500 2505 miz 2510

Figure 2.62

One multiply charged ion, produced in an ESI source, is
isolated in an ICR FTMS cell. During this time it discharges
by collision with a neutral gas in a quantified way, proving
that it is indeed an isolated ion. From the observed masses,
the number of charge can be determined, as explained for
the ESI source. Reproduced from Smith R.D., Cheng X.,
Bruce J.E., Hofstadler S.A. and Anderson G.A., Nature,
369, 137, 1994, with permission.

Collisional damping, reducing the energy of the ion by collision with an inert gas,
reduces the amplitude of the axial and the cyclotron motions while increasing the radius of
the magnetron motion, and hencetheionsare lost on thewall of the cell. In order to prevent
thisinconvenience, methods have been devised for axialization of the motion. One efficient
method is the superposition of an azimuthal electric quadrupolar field with frequency w.
which converts the magnetron motion into collision-damped cyclotron motion [67]. To
achieve the collision damping, helium gasis injected for a short time to raise the pressure
to about 102 Pa. This gives a spectacular increase in resolution, sensitivity and selectivity
[68]. A resolution of 1770000 has been obtained for leucine enkephalin [69].

There is another advantage [70] of the high resolution so obtained: for the multi-
ply charged ions produced by ESI, the 2C/*3C isotopic peaks must exhibit unit mass
spacing so that the number of them in a unit m/z ratio must represent the number of
charges. A theoretical intensity distribution may be compared with the experimental
distribution. Figure 2.64 displays a spectrum of ubiquitin from McLafferty’s laboratory
[71].
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Figure 2.63

Cyclotron and magnetron motion.
The ions move in an orbit known as
the cyclotron movement. But that or-
bit itself turns around a centre, repre-
sented by a black dot, in a magnetron
movement, responsible for a loss of
resolution. The magnetron motion is
the more important, the larger the
ion, and thus causes mainly loss of
resolution at higher masses. Appli-
cation of a quadrupolar RF field al-
lows this magnetron movement to be
suppressed.
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Figure 2.64

High-resolution FT ICR mass spectrum of ubiquitin.
The upper trace displays the detail of the peak at
952.5 Th. The distance of 0.11 Th between the iso-
topic peaks allows one to deduce that the charge is 9.
This spectrum was obtained with 5 amol of ubiquitin.
Reproduced from Kelleher N.L., Senko M.W., Little
D., O’Connor P.B. and McLafferty F.W., J. Am. Soc.
Mass Spectrom., 6, 220, 1995, with permission.
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2.6.4 MS” in ICR/FTMS Instruments

In an ICR cell, ions exposed to an axial magnetic field B and having a charge ze have a
cyclotron motion with frequency
zeB
We = —
m

Thus, monocharged ions will have, for a given value of B depending on the instrument,
afrequency inversely related to their mass. They can be detected by the current they induce
in the wall of the cell, in a non-destructive way. Thisis a distinct feature of ICR which is
important in MS/MS experiments. By applying an AC electric field perpendicular to the
axis, it is possible to excite ions, or to expel ions by discharge on the wall. This alows
all ions to be expelled except those having a selected mass. These ions are then allowed
to fragment during a short time. Sometimes a collision gas is introduced by a pulse to
induce fragmentation by collision, and excitation by irradiation at the cyclotron frequency
is also used. However, sustained excitation at the resonance frequency results in larger
cyclotron radii, and fragment ions are then produced with non-zero magnetron radii. It
is now common practice to use sustained off-resonance irradiation (SORI) [72, 73]. This
resultsinions being alternatively accelerated and decelerated, limiting the cyclotron radius.
The fragments are then produced close to the centre. Fragments are detected while they are
formed in a non-destructive way. They can be detected repetitively, increasing sensitivity
and resolution. The selection and fragmentation process can then be repeated, providing
MS" capability, without reloading ions from the source as the detection is not destructive.
This contrasts with the situation in ion traps, where the detection of ions empties the trap,
which then has to be reloaded from the source.

However, the magnetic field has no focusing properties. Over time, there is an off-axis
displacement of the centre of theion cyclotron orbit, known as magnetron radial expansion.
Reaxialization can be performed using the focusing properties of a quadrupolar RF electric
field. Combined with collision damping, this alows reversion of the magnetron radial
expansion and greatly improves the resolution and the sensitivity, especialy by reducing
the loss of ions during MS/IMS experiments. High resolution can be obtained on both
precursor and fragment ions.

2.7 Hybrid Instruments

Some mass spectrometers combine several types of analysers. The most common ones
include two or more of the following analysers: electromagnetic with configurations EB
or BE, quadrupoles (Q), ion traps (ITs) with Paul ion traps or linear ion traps (LITS),
time-of-flight (TOF), ion cyclotron resonance (ICR) or orbitrap (OT). These are named
hybrid instruments. The aim of a hybrid instrument is to combine the strengths of each
analyser while avoiding the combination of their weaknesses. Thus, better performances
are obtained with ahybrid instrument than with isolated analysers. Hybrids are symbolized
by combinations of the abbreviations indicated in the order that the ions travel through the
analysers.

Initially, most combinations of electromagnetic sectors with quadrupoles have been
proposed. The first hybrids described were instruments of type BEQQ but several other
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Figure 2.65

Common combinations of electric (E) and magnetic (B) sec-
tors, quadrupoles (Q) and collision cells (C). The lower case
q indicates a focusing quadrupole.

types of hybrids have been built over the years. Indeed, ailmost al possible combinations of
two different types of analysers have been reported, and many are commercially available.
We will describe some important hybrid instruments bel ow.

2.7.1 Electromagnetic Analysers Coupled to Quadrupoles or Ion Traps

As dready mentioned, the first hybrid instruments result from the combination of an
electromagnetic analyser with a quadrupole [74, 75]. They are most frequently made up of
an electromagnetic instrument in front of a quadrupole analyser. They generally include
between the two analysers a quadrupolar RF-only collision cell and thus correspond to the
BEQQ or the EBgQ configurations. Figure 2.65 gives examples of such configurations. lons
can be analysed at high resolution in the magnetic instrument and then with low resolution
in the quadrupol e part. Two options are available for the two analysers, which respect the
requirements of each type of analyser regarding kinetic energy. Indeed, the kinetic energy
must bein thekilovolt rangein the el ectromagnetic part and tens of voltsin the quadrupoles.

The first option consists of dowing al of the ions when they come out of the electro-
magnetic analyser, which is easy because at this stage they all have the same kinetic energy.
lonswith alow energy are then fragmented through collisionsin the first quadrupole g and
analysed in the second quadrupole Q. The second option consists of achieving high-energy
collisionsin acollision cell located at the exit of the magnetic analyser, before entering the
first quadrupole. The fragments are then slowed to a kinetic energy that is compatible with
the quadrupoles. However, in this case, al the fragments have the same velocity as their
precursors, and thus have different kinetic energies. The kinetic energies of the fragments
are indeed equal to a fraction my/my of the kinetic energy of their precursors. The voltage
applied on the electrode to slow the ions before the quadrupoles must be a function of the
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Figure 2.66
Scheme of an IT TOF hybrid mass spectrometer including a Paul IT analyser
and TOF analyser equipped with a reflectron.

ratio of the mass my of the precursor focused at the exit of the electromagnetic part and
of the mass m, of the fragment to be analysed in the quadrupole. Furthermore, the BEQQ
or EBgQ instruments can be used for MS® experiments. Indeed, other scan modes allow
MS/MS in the electromagnetic analyser using MIKE or linked scans. In combination with
the quadrupole part, this allows various MS® experiments to be performed.

Similar hybrid instruments in which the quadrupole analyser is replaced by an IT have
also been described, for instance in a BE IT configuration [76]. Similar corrections of the
kinetic energy must be applied. Such instrumentsare interesting for two reasons. First, MS"
can be performed with precursor ions selected at high resolution. Second, precursor ions
can be accumulated in the IT over alonger time period, allowing very high sensitivity to
be reached. Here again, combinations with linked scans are possible.

2.7.2 Ton Trap Analyser Combined with Time-of-Flight or Ton
Cyclotron Resonance

Severa hybrid instruments have more recently been proposed that combine TOF and IT
analysersin the T TOF configuration [77—79]. The scheme of such an instrument is given
in Figure 2.66.

ThelT isused to accumulate ions and to perform ion selection and activationin MSIMS
experiments before analysis in the TOF analyser. All the ions accumulated in the trap are
then gected in the RTOF analyser. Therefore, the TOF analyser is used for mass analysis
instead of the classical ion g ection methods used with I1Ts, namely mass selective ion g ec-
tion at the stability limit or resonant gjection. In comparison with TOF instruments, higher
sensitivity is achieved by ion accumulation in the IT. In comparison with IT instruments,
the analysis by TOF reduces the time as the TOF analyser allows faster mass analysis,
extends the mass range, and gives a better resolution and much better accuracy.

An IT analyser has also been coupled to an ICR FTMS instrument, yielding a hybrid
instrument in the IT ICR configuration. This hybrid instrument gives high sensitivity at
the attomole level, a high resolution of 100000 FWHM at 1s scan rate and a high mass
accuracy of 1 to 2ppm with external calibration at 1 scan per second. A similar hybrid
instrument in which the ICR analyser is replaced by an orbitrap analyser has aso been
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Principle of the combination of a mass spectrometer
with an 0a-TOF spectrometer. Ions coming from the
mass spectrometer are directed to the detector. When a
pulse voltage is applied to the orthogonal acceleration
repeller, the ions are analysed by the TOF instrument.

reported. This instrument has main specifications similar to the IT ICR instrument. These
orbitrap hybrids are described in Section 2.3.

2.7.3 Hybrids Including Time-of-Flight with Orthogonal Acceleration

The advantages of oa-TOF analyserswith continuousion beam sources have been exploited
sincethe 1990sin hybrid instrumentsthat employ thisanayser asthe second mass analyser.
The first mass analyser is coupled to the TOF in such a way that acceleration of the ions
in the TOF occurs perpendicular to theinitial trajectory of the ions. The TOF analyser can
be advantageous as the second stage of the instrument because its capability to transmit
simultaneously all ions leads to a useful increase of sensitivity. Indeed, the TOF analyser
has the advantage of detecting all ions simultaneously to a good precision, while scanning
analysers detect ions successively during the time. Consequently, such a combination has
clear speed and sensitivity advantages, even when a broad mass range is analysed. Thisis
valid in both MS and MS/MS mode.

As aready mentioned, when ions fragment during their flight in afield-free region, with
or without collision activation, the precursor and fragments have the same velocity and
reach the detector simultaneously. If, however, they are accel erated perpendicularly to their
trajectories and so pushed in the TOF mass analyser, ions with different masses will arrive
at different times and will be detected separately according to their respective m/z [80].
However, owing to their initial velocities, they will reach the array detector at different
places.

Figure 2.67 displaysthe principle of such aninstrument. After thefirst analyser, theions
arefocused into aparallel beam. They are then directed towards the oa-TOF analyser where
they enter continuously. Initially no voltageisapplied to therepeller. Thus, at this point, this
region is field free, so ions continue to move in their original direction. Then an injection
pulse voltage is applied to the repeller. This induces an electric field that is perpendicular
to the trgjectories of the ions. The ions are then pushed by the resulting electric field in
a direction orthogonal to their original tragjectories, and begin to fly towards the analyser.
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Figure 2.68

Scheme of a hybrid mass spectrometer including a quadrupole analyser,
a quadrupolar collision cell and an orthogonal acceleration time-of-flight
analyser.

Before entry into the flight tube where mass separation occurs, the ions are further
accelerated and acquire their final energy of several kiloelectronvolts. When all ionsarein
the flight tube, the voltage on the repeller is no longer applied and ions from the ion source
again begin to fill the orthogonal accelerator. Thus, during the time that the ions continue
their flight in the flight tube, the orthogonal accelerator is refilled with new ion beam. One
flight cycle will end when the ion with the highest m/z reaches the detector. Another flight
cycle will begin by reapplying a pulse voltage to the repeller. In practice, a pulsed electric
field with afrequency of afew kilohertz isused. Asthe beam of ionsis parallel, the spread
of initial velocities in the TOF direction is minimized. Furthermore, the width of the
ion beam gives a spatial spread that can be easily corrected by refocalization in the TOF
analyser.

The first hybrid instrument to take advantage of orthogonal injection combines an
electromagnetic analyser with an oa-TOF instrument [81,82]. However, the most successful
type of hybrid instrumentsin which an oa-TOF has been integrated combines a quadrupole
analyser with a TOF instrument in a Q TOF configuration. These instruments are powerful
and robust with unique performances [83-85]. They give high sensitivity in the attomole
range, aresolution of 10000 FWHM allowing the assignment of the number of charges of
multiply charged ions, amass range extended to about m/z 20 000, and afair mass accuracy



2.7 HYBRID INSTRUMENTS 169

of about 5to 10 ppm. The rapid success of thistype of hybrid instrument isdueto the attrac-
tive combination of the simplicity of the quadrupol e and the high performance of the TOF.
The high sensitivity and high mass accuracy are availablein both M S and tandem (MS/MS)
modes.

As shown in Figure 2.68, the most common of these instruments include a quadrupole
analyser Q1 and a quadrupolar collision cell g2, followed by an oa-TOF. They thus have
the QqTOF configuration. This instrument can be described as a triple quadrupole where
the last quadrupole is replaced by an oa-TOF, or as the addition of a quadrupole anayser
and acollision cell to a TOF analyser. In some commercial instruments, the g2 quadrupole
isreplaced by an hexapole, but the principle remains the same.

In MS mode, the two quadrupoles Q1 and g2 are in RF-only mode, and they act only as
ion guides, but are limited in their massrange. The TOF analyses all theionsthat have been
orthogonally accelerated and acts as the only mass analyser. The resulting spectra support
the good performances of the TOF analyser regarding resolution and mass accuracy, but
with amass range limited by the transmission of the quadrupoles. The g2 quadrupole may
or not contain a collision gas. If it contains a gas at sufficiently low pressure and the ions
have alow kinetic energy, the energy transmitted will remain lower than the fragmentation
threshold but the ions will lose kinetic energy in the radial and axial directions. This will
improve the resolution and the sensitivity in the TOF analyser by reducing the flight time
distribution of ions with a given mass value. Altogether in these instruments, the velocity
spread of the ions is strongly reduced. Furthermore, the beam is strongly focused in the
axial direction, thus also reducing the spatial spread at injection time. The beam is then
much better prepared for injection in the TOF than those issuing from adirectly connected
ion source. Furthermore, any continuous ion source, by opposition to pulsed ones, can be
connected. However, the extended mass range, over about m/z 20000, islost.

In principle, it is aso possible to use the scanning capability of Q1, using the TOF
part only as atotal ion current detector. However, this scan mode is not used, as all the
above-mentioned advantages of using the TOF analyser are lost.

In MS/IMS mode, the ion filter capability of Q1 is used to transmit and to select only
precursor ions of interest. These ions are then accelerated by a potentia difference that
is between 20 and 200€V before they enter into the collision cell g2 where they undergo
fragmentation induced by collision with neutral gas molecules (usually argon or nitrogen).
The resulting fragment ions and the remaining parent ions continue to undergo collisions
before being analysed in the TOF. Consequently, these ions lose kinetic energy in the
radial and axial directions. In other words, this not only focuses the ions, but also controls
their kinetic energy by collisional cooling. This step is even more important in QqTOF
instrumentsthanitisin triple quadrupol es because the TOF analyser is much more sensitive
tothekinetic energy spread of theincomingionsthanisQ3in atriplequadrupol einstrument.

In comparison with atandem TOF/TOF instrument, in this hybrid instrument the mass
range of the selected precursor ion is reduced by the limitations of the quadrupol e analyser
to about m/z 4000, though ion focusing and transmission are much easier. On the other
hand, compared with a triple quadrupole, the TOF analyser offers better resolution and
better mass accuracy. Sensitivity is increased with the TOF if spectra are measured over
a broad mass range owing to the ability of this analyser to analyse all the ions almost
together. Consequently, this sensitivity advantage is lost for selected reaction monitoring
or multiple reaction monitoring. For the same reason, the advantage is not met for al of
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the MS/MS scan modes but only for the product ion scan. Precursor ion scan or neutral
loss scan cannot be performed with a QTOF, but some similar measurements are possible
without the gain in sensitivity.
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3

Detectors and Computers

3.1 Detectors

The ions pass through the mass analyser and are then detected and transformed into a
usable signal by a detector. Detectors are able to generate from the incident ions an electric
current that is proportional to their abundance. Detectors used in mass spectrometry were
reviewed in 2005 [1]. The most common types of ion detectors are described below. Their
specifications and their features are also discussed.

Several types of detectors presently exist. The choice of detector depends on the design
of the instrument and the analytical applications that will be performed. A variety of ap-
proaches are used to detect ions. However, detection of ionsisalwaysbased on their charge,
their mass or their velocity. Some detectors (Faraday cup) are based on the measurement of
direct charge current that is produced when an ion hits a surface and is neutralized. Others
(electron multipliersor el ectro-optical ion detectors) are based on thekinetic energy transfer
of incident ions by collision with asurface that in turn generates secondary electrons, which
are further amplified to give an electronic current. As described in Chapter 2, detection
of ionsin FTICR or orbitrap (OT) mass spectrometers is characteristically different from
these detections. In this case, the detector consists of a pair of metal plates within the mass
analyser region closeto theion tragjectories. lons are detected by the image current that they
produce in acircuit connecting the plates.

Because the number of ions|eaving the mass analyser at a particular instant is generally
quite small, significant amplification is often necessary to obtain ausable signal. Indeed, 10
incident ions per second at the detector corresponds to an electric current of 1.6 x 10718 A,
In consequence, subsequent amplification by aconventional el ectronic amplifier isrequired.
Furthermore, with the exception of Faraday cup and image current detection, the other
detectors multiply the intensity of the signal by a cascade effect.

lon detectors can be divided into two classes. Some detectors are made to count ions of
asingle mass at atime and therefore they detect the arrival of all ions sequentially at one
point (point ion collectors). Others detectors, such as photographic plates, image current
detectors or array detectors, have the ability to count multiple masses and detect the arrival
of al ions simultaneously along a plane (array collectors).

These detectors are effective for most of the applications in mass spectrometry. Never-
theless, if adetector must ideally befree of any discrimination effect, itsefficiency generally
decreases when the mass of the ion increases. This induces limitations for the detection
of high-mass ions and can compromise a quantitative analysis from these data because
the signal decreases exponentially with increasing mass. On the other hand, progress in
mass spectrometry has led to the advent of entirely new ionization sources and analysers
that allow the study of analytes with very high molecular mass. For these reasons, the

Mass Spectrometry: Principles and Applications, Third Edition Edmond de Hoffmann and Vincent Stroobant
© Copyright 2007, John Wiley & Sons Ltd



176 3 DETECTORS AND COMPUTERS

Ion beam ‘ Amplifier
L
Ions
- Electrons
Figure 3.1

Schematic diagram of a Faraday cup.

development of new detectors which eliminate these limitations is required. These new
classes of detectors such as the charge or inductive detector [2] or cryogenic detector [3]
are under development. They are based on physical principles that differ from those used
for the current detectors and their efficiencies are the same for all the detected ions and
are unrelated to their masses. They have near 100 % efficiency for very large slow ions.
Indeed, the inductive detector simply produces a signal by inducing a current on a plate
generated by a moving charged ion. Its efficiency is related to the charge of theion but is
independent of its mass and its kinetic energy. |n the same way, the cryogenic detector isa
kinetic energy sensitive calorimetric detector operating at low temperatures.

3.1.1 Photographic Plate

The first mass spectrometers used photographic plates located behind the analyser as
detectors. lons sharing the same my/z ratio al reach the plate at the same place and the
position of the spots allows the determination of their m/z values after calibration. The
darkness of the spots gives an approximate value of their relative abundance. This detector,
which alows simultaneous detection over alarge my/z range, has been used for many years
but is obsolete today.

3.1.2 Faraday Cup

A Faraday cup ismade of ametal cup or cylinder with asmall orifice. It is connected to the
ground through aresistor, asillustrated in Figure 3.1. lons reach the inside of the cylinder
and are neutralized by either accepting or donating electrons as they strike the walls. This
|leads to a current through the resistor. The discharge current isthen amplified and detected.
It provides ameasure of ion abundance.

Becausethe charge associated with an electronleaving thewal | of the detector isidentical
to the arrival of a positive ion at this detector, secondary electrons that are emitted when
an ion strikes the wall of the detector are an important source of errors if they are not
suppressed. In consequence, the accuracy of this detector can be improved by preventing
the escape of reflected ions and gjected secondary electrons. Various devices have been
used to capture ions efficiently and to minimize secondary electron losses. For instance,
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the cup is coated with carbon because it produces few secondary ions. The shape of the cup
and the use of aweak magnetic field prevent also any secondary electrons produced inside
to exit.

The disadvantages of this simple and robust detector are its low sensitivity and its
sow response time. Indeed, the sensitivity of such detectors is limited by the noise of
the amplifiers. Furthermore, this detector is not well adapted to ion currents that are not
stable in the same time as during the scanning of the analyser because of its slow response
time. These detectors are nevertheless very precise because the charge on the cylinder is
independent of the mass, the speed and the energy of the detected ions.

The Faraday cup was widely used in the beginning of mass spectrometry but all the
characteristics of this detector mean that it is now generally used in the measurement of
highly precise ratios of specific ion species asin isotopic ratio mass spectrometry (IRMS)
or in accelerator mass spectrometry (AMS). To obtain a highly accurate ratio in such
relative abundance measurements, the intensities of the two stable beams of specific ions
are measured simultaneously with two Faraday cups.

3.1.3 Electron Multipliers

At present (2006), the most widely used ion detector in mass spectrometry is the electron
multiplier (EM). In this detector, ions from the analyser are accelerated to a high velocity
in order to enhance detection efficiency. Thisis achieved by holding an electrode called a
conversion dynode at a high potential from £3 to £30kV, opposite to the charge on the
detected ions. A positive or negativeion striking the conversion dynode causes the emission
of several secondary particles. These secondary particles caninclude positiveions, negative
ions, electrons and neutrals. When positive ions strike the negative high-voltage conversion
dynode, the secondary particles of interest are negative ions and electrons. When negative
ions strike the positive high-voltage conversion dynode, the secondary particles of interest
are positive ions. These secondary particles are converted to electrons at the first dynode.
These are then amplified by a cascade effect in the electron multiplier to produce a current.
The electron multipliers may be of either the discrete dynode or the continuous dynode
type (channeltron, microchannel plate or microsphere plate).

The discrete dynode electron multiplier is made up of a series of 12 to 20 dynodes that
have good secondary emission properties. As shown in Figure 3.2, these dynodes are held
at decreasing negative potentials by a chain of resistors. The first dynode is held at a high
negative potential from —1to —5kV, whereasthe output of the multiplier remainsat ground
potential. Secondary particles generated from the conversion dynode strike thefirst dynode
surface causing an emission of secondary electrons. These electrons are then accelerated
to the next dynode because it is held at a lower potential. They strike the second dynode
causing the emission of more electrons. This process continues as the secondary electrons
travel towards the ground potential. Thus a cascade of electronsis created and thefinal flow
of electrons provides an electric current at the end of the electron multiplier that is then
increased by conventional electronic amplification.

Thereisanother design of electron multiplier for which the discrete dynodes are replaced
by one continuous dynode. A type of continuous-dynode electron multipliers (CDEM),
which is called a channeltron, is made from a lead-doped glass with a curved tube shape
that has good secondary emission properties (Figure 3.3). As the walls of the tube have
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Schematic diagram of electron multiplier. The first dynode is a con-
version dynode to convert ions into electrons.
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Figure 3.3

Continuous dynode electron multiplier, also known as the
channeltron. O, incident ions; [J, secondary particles. Repro-
duced (modified) from Finnigan MAT documentation, with
permission.

a uniform electric resistance, a voltage applied between the two extremities of the tube
will therefore produce a continuous accelerating field along its length. Secondary particles
from the conversion dynode collide with the curved inner wall at the detector entrance and
produce secondary electrons, which are then accelerated by the field towards the exit of
the tube. These electrons pass further into the electron multiplier, again striking the wall,
causing the emission of more and more electrons. Thus a cascade of electrons is created
and finally ametal anode collects the stream of secondary electrons at the detector exit and
the current is measured

The amplifying power is the product of the conversion factor (number of secondary
particles emitted by the conversion dynode for one incoming ion) and the multiplying
factor of the continuous dynode electron multiplier. It can reach 107 with a wide linear
dynamic range (10°-10°). Their lifetime is limited to 1 or 2 years because of surface
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Figure 3.4

Cross-section of a microchannel plate and electron
multiplication within a channel. Reproduced from
Galileo documentation, with permission.

contamination from the ions or from a relatively poor vacuum. Their high amplification
and their fast response time allow their use with rapid scanning of the analyser. The
conversion factor is highly dependent on the impact velocity of the detected ions and on
their nature (mass, charge and structure), so these detectors are not as precise as Faraday
cups. Since the detection efficiency on all electron multipliersis highly dependent on ion
velocity, they are characterized by the mass discrimination effect for ions with constant
energy. Because of their dower velocity, large ions produce fewer secondary electrons
and thus the efficiency decreases when the mass of the ion increases. However, as already
mentioned, the conversion dynodes at high voltages reduce the mass discrimination effect
and serveto increase signal intensity and therefore sensitivity because they accelerate ions
to a high velocity in order to enhance detection efficiency. Conversion dynodes are thus
very useful for detecting high-mass ions, especially with analysers delivering ions at low
kinetic energy, such as quadrupoles or ion traps.

Another type of continuous dynode el ectron multipliersisthe microchannel plate (MCP)
detector. It isaplate in which parallel cylindrical channels have been drilled. The channel
diameter ranges from 4 to 25 um with a centre-to-centre distance ranging from 6 to 32 um
and a few millimetres in length (Figure 3.4). The plate input side is kept at a negative
potential of about 1kV compared with the output side.

Electron multiplication is ensured by a semiconductor substance covering each channel
and giving off secondary electrons. Curved channels prevent the acceleration of positive
ions towards the input side. Two plates can also be connected herringbone-wise or three
plates can be connected following a Z shape, as shown in Figure 3.5.

The snowball effect within a channel can multiply the number of electrons by 10°. A
plate allows an amplification of 10°—10%, whereas by using several plates the amplification
can reach 108. This detector is characterized by a very fast response time because the
secondary electron path inside the channel isvery short. In consegquence, it iswell suited to
TOF analysers, which need precise arrival times and narrow pulse widths. Furthermore, the
large detection area of the microchannel plate allows the detection of large ion beams from
the analyser without additional focalization. However, the microchannel plate detectors
have some disadvantages. They are fragile, sensitive to air and their large microchannel
plates are expensive.
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Microchannel plate types and connec-
tions. Reproduced from Galileo docu-
mentation, with permission.

At the output side, a single metal anode collects the stream of secondary electrons of all
the channels and the current is measured as in other types of electron multipliers. In that
case, al the microchannels are then connected between them, so asto act asalarge single
detector.

The microchannel plate detector can, however, also work with ametal anode that gathers
the stream of secondary electrons at every channel exit. To avoid any confusion, the term
array detector ispreferably used to describe amicrochannel plate where every microchannel
remains as an individual ion-detecting element. This array detector acts as electronic
photoplates. Indeed, it resemblesthat of aphotographic plate: ionswith different m/z ratios
reach different spotsand may be counted at the sametimeduring theanalysis. Theadvantage
of array detectors is that analyser scanning is not necessary and therefore sensitivity is
improved because simultaneous detection of ions implies that more ions are collected, and
this greater efficiency leads to lower limits of detection than for other detectors.

A newer and less expensive alternative to the microchannel plate is the microsphere
plate (MSP). As illustrated in Figure 3.6, this electron multiplier consists of glass beads
with diameters from 20 to 100 um that are sintered to form a thin plate with a thickness
of 0.7 mm. This plate is porous with irregularly shaped channels between the planar faces.
The surfaces of the beads are covered with an electron emissive material and the two sides
of the plate are coated to make them conductive. The operating principle of this electron
multiplier is similar to that of the microchannel plate. A potential difference of between
1.5 and 3.5kV is applied across the plate, with the output side of the plate at the more
positive potential. When particles hit the input side of the microsphere plate, they produce
secondary electrons. These electrons are then accelerated by the electric fi