
UFRJ
Espectrometria de Massas

• Espectrometria de massas é a técnica analítica que estuda as massas 
de átomos ou moléculas ou de fragmentos de moléculas.
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1. Tabela Periódica dos elementos
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TABLE 1.1 An Abridged Periodic Table of the Elements  

P E R I O D I C TA B L E O F T H E E L E M E N T S

1

H
Hydrogen

1.0079

3

Li
Lithium
6.941

11

Na
Sodium
22,990

19

K
Potassium

39.098

37

Rb
Rubidium

85.468

55

Cs
Cesium
132.91

87

Fr
Francium

(223)

IA

6

C
Carbon
12.011

Atomic number:

Symbol :
Name (IUPAC) :

Atomic mass :4

Be
Beryllium
9.0122

12

Mg
Magnesium

24.305

20

Ca
Calcium
40.078

38

Sr
Strontium

87.62

56

Ba
Barium
137.33

88

Ra
Radium
(226)

IIA

21

Sc
Scandium

44.956

39

Y
Yttrium
88.906

57

La
Lanthanum

138.91

89

Ac
Actinium

(227)

22

Ti
Titanium
47.867

40

Zr
Zirconium

91.224

72

Hf
Hafnium
178.49

104

Rf
Rutherfordium

(261)

23

V
Vanadium

50.942

41

Nb
Niobium
92.906

73

Ta
Tantalum
180.95

105

Db
Dubnium

(262)

24

Cr
Chromium

51.996

42

Mo
Molybdenum

95.94

74

W
Tungsten
183.84

106

Sg
Seaborgium

(266)

25

Mn
Manganese

54.938

43

Tc
Technetium

(98)

75

Re
Rhenium
186.21

107

Bh
Bohrium

(264)

26

Fe
Iron

55.845

44

Ru
Ruthenium

101.07

76

Os
Osmium
190.23

108

Hs
Hassium

(277)

27

Co
Cobalt
58.933

45

Rh
Rhodium
102.91

77

Ir
Iridium
192.22

109

Mt
Meitnerium

(268)

28

Ni
Nickel
58.693

46

Pd
Palladium

106.42

78

Pt
Platinum
195.08

110

Uun
(281)

29

Cu
Copper
63.546

47

Ag
Silver

107.87

79

Au
Gold

196.97

111

Uuu
(272)

30

Zn
Zinc

65.409

48

Cd
Cadmium

112.41

80

Hg
Mercury
200.59

112

Uub
(285)

5

B
Boron
10.811

13

Al
Aluminum

26.982

31

Ga
Gallium
69.723

49

In
Indium
114.82

81

Tl
Thallium
204.38

IIIA
6

C
Carbon
12.011

14

Si
Silicon
28.086

32

Ge
Germanium

72.64

50

Sn
Tin

118.71

82

Pb
Lead
207.2

114

Uuq
(289)

IVA
7

N
Nitrogen
14.007

15

P
Phosphorus

30.974

33

As
Arsenic
74.922

51

Sb
Antimony
121.76

83

Bi
Bismuth
208.98

VA
8

O
Oxygen
15.999

16

S
Sulfur
32.065

34

Se
Selenium

78.96

52

Te
Tellurium
127.60

84

Po
Polonium

(209)

VIA
9

F
Fluorine
18.998

17

Cl
Chlorine
35.453

35

Br
Bromine
79.904

53

I
Iodine
126.90

85

At
Astatine

(210)

VIIA

2

He
Helium
4.0026

10

Ne
Neon

20.180

18

Ar
Argon
39.948

36

Kr
Krypton
83.798

54

Xe
Xenon
131.29

86

Rn
Radon
(222)

VIIIA

Chemical Abstracts Service group notation :

(Lanthanide series (58-71) and actinide series (90-103) elements not shown)
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(Lanthanide series (58-71) and actinide series (90-103) elements not shown)
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Elementos são feitos de átomos.

Átomos consistem de um núcleo denso e
positivamente carregado, contendo prótons e

neutros, rodeado por uma nuvem eletrônica

contendo elétrons negativamente carregados.

4 Chapter 1 The Basics—Bonding and Molecular Structure

! Elements are made up of atoms. An atom (Fig. 1.1) consists of a dense, positively
charged nucleus containing protons and neutrons and a surrounding cloud of
electrons. 

Each proton of the nucleus bears one positive charge; electrons bear one negative charge.
Neutrons are electrically neutral; they bear no charge. Protons and neutrons have nearly
equal masses (approximately 1 atomic mass unit each) and are about 1800 times as heavy
as electrons. Most of the mass of an atom, therefore, comes from the mass of the nucleus;
the atomic mass contributed by the electrons is negligible. Most of the volume of an atom,
however, comes from the electrons; the volume of an atom occupied by the electrons is
about 10,000 times larger than that of the nucleus.

The elements commonly found in organic molecules are carbon, hydrogen, nitrogen, oxy-
gen, phosphorus, and sulfur, as well as the halogens: fluorine, chlorine, bromine, and iodine.

Each element is distinguished by its atomic number (Z), a number equal to the
number of protons in its nucleus. Because an atom is electrically neutral, the atomic num-
ber also equals the number of electrons surrounding the nucleus.

1.2A Isotopes
Before we leave the subject of atomic structure and the periodic table, we need to examine
one other observation: the existence of atoms of the same element that have different
masses.

For example (Table 1.1), the element carbon has six protons in its nucleus giving it an
atomic number of 6. Most carbon atoms also have six neutrons in their nuclei, and because
each proton and each neutron contributes one atomic mass unit (1 amu) to the mass of the
atom, carbon atoms of this kind have a mass number of 12 and are written as 12C.

! Although all the nuclei of all atoms of the same element will have the same
number of protons, some atoms of the same element may have different masses
because they have different numbers of neutrons. Such atoms are called
isotopes.

For example, about 1% of the atoms of elemental carbon have nuclei containing 7 neu-
trons, and thus have a mass number of 13. Such atoms are written 13C. A tiny fraction of
carbon atoms have 8 neutrons in their nucleus and a mass number of 14. Unlike atoms of
carbon-12 and carbon-13, atoms of carbon-14 are radioactive. The 14C isotope is used in
carbon dating. The three forms of carbon, 12C, 13C, and 14C, are isotopes of one another.

Most atoms of the element hydrogen have one proton in their nucleus and have no neu-
tron. They have a mass number of 1 and are written 1H. A very small percentage (0.015%)
of the hydrogen atoms that occur naturally, however, have one neutron in their nucleus. These
atoms, called deuterium atoms, have a mass number of 2 and are written 2H. An unstable (and
radioactive) isotope of hydrogen, called tritium (3H), has two neutrons in its nucleus.

Electron cloud

Nucleus

Figure 1.1 An atom is
composed of a tiny nucleus
containing protons and neutrons
and a large surrounding volume
containing electrons. The
diameter of a typical atom is
about 10,000 times the diameter
of its nucleus.

There are two stable isotopes of nitrogen, 14N and 15N. How many protons and neutrons
does each isotope have?

Review Problem 1.1

1.2B Valence Electrons
We discuss the electron configurations of atoms in more detail in Section 1.10. For the
moment we need only to point out that the electrons that surround the nucleus exist in shells
of increasing energy and at increasing distances from the nucleus. The most important shell,
called the valence shell, is the outermost shell because the electrons of this shell are the
ones that an atom uses in making chemical bonds with other atoms to form compounds.

! How do we know how many electrons an atom has in its valence shell? We look at
the periodic table. The number of electrons in the valence shell (called valence

solom_c01_001-052hr1.qxd  14-10-2009  14:20  Page 4
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O número atômico (Z) corresponde a quantidade de prótons no núcleo, e

normalmente equivale a quantidade de elétrons na nuvem eletrônica que
rodeia o núcleo.

Número atômico (Z)

Símbolo
Nome (IUPAC)

Massa atômica (A) 
A quantidade de neutrons no núcleo 
pode ser obtida subtraindo a quantidade 
de prótons (Z) da massa atômica (A)
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508 CHAPTER 21 Mass Spectrometry

TABLE 21-2 Isotope abundance factors (%) for interpreting mass spectra

Element X!1 X!2 X!3 X!4 X!5 X!6

H 0.012n
C 1.08n 0.005 8n(n ! 1)
N 0.369n
O 0.038n 0.205n
F 0
Si 5.08n 3.35n 0.170n(n ! 1) 0.056n(n ! 1)
P 0
S 0.801n 4.52n 0.036n(n ! 1) 0.102n(n ! 1)
Cl — 32.0n — 5.11n(n ! 1) — 0.544n(n ! 1)(n ! 2)
Br — 97.3n — 47.3n(n ! 1) — 15.3n(n ! 1)(n ! 2)
I 0

EXAMPLE: For a peak at m/z " X containing n carbon atoms, the intensity from carbon at X#1 is n $ 1.08% of the intensity at X.
The intensity at X # 2 is n(n ! 1) $ 0.005 8% of the intensity at X. Contributions from isotopes of other atoms in the ion are additive.

The actual composition of MH# at m/z 227 is C11H19O3N2. From the factors in Table 21-2,
the theoretical intensity at m/z 228 is

14243           14243           14243        14243 
13C 2H 17O 15N

The theoretical intensity is within the 10% uncertainty of the observed value of 12.0%.

Intensity " 11 $ 1.08% # 19 $ 0.012% # 3 $ 0.038% # 2 $ 0.369% " 13.0%

Number of C atoms "
observed peak intensity for M # 1

contribution per carbon atom
"

12.0%
1.08%

" 11.1 ! 11

TABLE 21-1 Isotopes of selected elements

Mass Mass Abundance Mass Mass Abundance
Element number (Da)a (atom%)b Element number (Da)a (atom%)b

Proton 1 1.007 276 467 — Cl 35 34.968 85 75.78
Neutron 1 1.008 664 916 — 37 36.965 90 24.22
Electron — 0.000 548 580 — Ar 36 35.967 55 0.336
H 1 1.007 825 99.988 38 37.962 73 0.063

2 2.014 10 0.012 40 39.962 38 99.600
B 10 10.012 94 19.9 Fe 54 53.939 61 5.845

11 11.009 31 80.1 56 55.934 94 91.754
C 12 12(exact) 98.93 57 56.935 40 2.119

13 13.003 35 1.07 58 57.933 28 0.282
N 14 14.003 07 99.632 Br 79 78.918 34 50.69

15 15.000 11 0.368 81 80.916 29 49.31
O 16 15.994 91 99.757 I 127 126.904 47 100

17 16.999 13 0.038 Hg 196 195.965 81 0.15
18 17.999 16 0.205 198 197.966 75 9.97

F 19 18.998 40 100 199 198.968 26 16.87
Si 28 27.976 93 92.230 200 199.968 31 23.10

29 28.976 49 4.683 201 200.970 29 13.18
30 29.973 77 3.087 202 201.970 63 29.86

P 31 30.973 76 100 204 203.973 48 6.87
S 32 31.972 07 94.93 Pb 204 203.973 03 1.4

33 32.971 46 0.76 206 205.974 45 24.1
34 33.967 87 4.29 207 206.975 88 22.1
36 35.967 08 0.02 208 207.976 64 52.4

a. 1 dalton (Da) 1/12 of the mass of 12C " 1.660 538 782 (83) $ 10!27 kg (from http://physics.nist.gov/constants). Nuclide masses from G. Audi, A. H. Wapsta, and C. Thibault, Nucl.
Phys. 2003, A729, 337, found at www.nndc.bnl.gov/masses. This source provides more significant figures for atomic mass than are cited in this table.

b. Abundance is representative of what is found in nature. Significant variations are observed. For example, 18O in natural substances has been found in the range 0.188 to 0.222 atom%. The
latest list of isotope abundances, which is slightly different from this table, is found in J. K. Böhlke et al., “Isotopic Compositions of the Elements, 2001,” J. Phys. Chem. Ref. Data 2005, 34, 57.
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Figure 21-2 shows a magnetic sector mass spectrometer, which uses a magnetic field to
allow ions of a selected m/z to pass from the ion source to the detector.7 Gaseous molecules
entering at the upper left are converted into ions (usually positive ions), accelerated by an
electric field, and expelled into the analyzer tube, where they encounter a magnetic field
perpendicular to their direction of travel. The tube is maintained under high vacuum (!10!5 Pa,
!10!7 Torr) so that ions are not deflected by collision with background gas molecules. The
magnet deflects ions toward the detector at the far end of the tube (see Box 21-2). Heavy ions
are not deflected enough and light ones are deflected too much to reach the detector. The
spectrum of masses is obtained by varying the magnetic field strength.

At the electron multiplier detector8 in Figure 21-2, each arriving ion starts a cascade of elec-
trons, just as a photon starts a cascade of electrons in a photomultiplier tube (Figure 19-14). A
series of dynodes multiplies the number of electrons by !105 before they reach the anode
where current is measured. The mass spectrum shows detector current as a function of m/z
selected by the magnetic field.

Mass spectrometers can measure negative ions by reversing voltages where the ions
are formed and detected. To detect negative ions, a conversion dynode with a positive
potential is placed before the electron multiplier. When bombarded by negative ions, the
dynode liberates positive ions that are accelerated into the electron multiplier, which
amplifies the signal.

Electron Ionization
Molecules entering the ion source in Figure 21-2 are converted into ions by electron ioniza-
tion. Electrons emitted from a hot filament (like the one in a light bulb) are accelerated
through 70 V before interacting with incoming molecules. Some (!0.01%) molecules (M)

50321-1 What Is Mass Spectrometry?
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Width = m1/2 = 0.146

203 204 205 206 207 208 209

206Pb

204Pb

207Pb

208Pb

m/z

FIGURE 21-1 Mass spectrum showing
natural isotopes of Pb observed as an impurity in
brass. The variability of isotopic abundances in
Pb from natural sources creates a large
uncertainty in the atomic mass (207.2 ! 0.1) in
the periodic table. [From Y. Su, Y. Duan, and Z. Jin,
“Development and Evaluation of a Glow Discharge
Microwave-Induced Plasma Tandem Source for
Time-of-Flight Mass Spectrometry,” Anal. Chem. 2000,
72, 5600.] 

Electron
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Analyzer tube

Separated ion beam
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Neutral molecules
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Electron
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Direction of
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FIGURE 21-2 Magnetic sector mass spectrometer. [Adapted from F. W. McLafferty, Interpretation of Mass
Spectra (New York: Benjamin, 1966).]
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absorb as much as 12–15 electron volts (1 eV ! 96.5 kJ/mol), which is enough for
ionization:

70 eV Molecular ion !55 eV 0.1 eV

Almost all stable molecules have an even number of electrons. When one electron is lost,
the resulting cation with one unpaired electron is designated , the molecular ion. After
ionization, usually has enough internal energy (!1 eV) to break into fragments.

A small positive potential on the repeller plate of the ion source pushes ions toward the
analyzer tube, and a small potential on the ion focus plates creates a focused beam. High volt-
age (!1 000–10 000 V) between the ion acceleration plates imparts a high velocity to ions as
they are expelled from the bottom of the ion source.

The electron kinetic energy of 70 eV is much greater than the ionization energy of mole-
cules. Consider formaldehyde in Figure 21-3, whose molecular orbitals were shown in Figure
17-12. The most easily lost electron comes from a nonbonding (“lone pair”) orbital centered
on oxygen, with an ionization energy of 11.0 eV. To remove a pi bonding electron from neu-
tral formaldehyde requires 14.1 eV, and to remove the highest energy sigma bonding electron
from the neutral molecule requires 15.9 eV.

Interaction with a 70-eV electron most likely removes the electron with lowest ionization
energy. The resulting molecular ion, , can have so much extra energy that it breaks into
fragments. There might be so little that its peak is small or absent in the mass spectrum.M"!
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Molecular Mass and Nominal MassBOX 21-1

Atomic mass is the weighted average of the masses of the isotopes of an
element. Bromine consists of 50.69% 79Br with a mass of 78.918 34 Da
(daltons) and 49.31% 81Br with a mass of 80.916 29 Da. Therefore,
its atomic mass is (0.506 9)(78.918 34) " (0.493 1)(80.916 29) !
79.904 Da. The unit of atomic mass is the dalton, Da, defined as 1/12
of the mass of 12C. Mass spectrometrists prefer “u” for “unified atomic
mass unit.” Da and u are synonymous.

The molecular mass of a molecule or an ion is the sum of
atomic masses listed in the periodic table. For bromoethane,

C2H5Br, the molecular mass is (2 $ 12.010 7) " (5 $ 1.007 94) "
(1 $ 79.904) ! 108.965.

The nominal mass of a molecule or ion is the integer mass of
the species with the most abundant isotope of each of the constituent
atoms. For carbon, hydrogen, and bromine the most abundant iso-
topes are 12C, 1H, and 79Br. Therefore, the nominal mass of C2H5Br
is (2 $ 12) " (5 $ 1) " (1 $ 79) ! 108.

How Ions of Different Masses Are Separated by a Magnetic FieldBOX 21-2

Electron ionization in the ion source of the mass spectrometer in
Figure 21-2 creates positive ions, Mz", with different masses. Let
the mass of an ion be m and let its charge be "ze (where e is the
magnitude of the charge of an electron). When the ion is accelerated
through a potential difference V by the ion acceleration plates, it
acquires a kinetic energy equal to the electric potential difference:

(A)

Kinetic energy Potential energy
(v ! velocity)

An ion with charge ze and velocity v traveling perpendicular to
a magnetic field B experiences a force zevB that is perpendicular
to both the velocity vector and the magnetic field vector. This force
deflects the ion through a circular path of radius r. The centripetal
force (mv2/r) required to deflect the particle is provided by the
magnetic field.
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FIGURE 21-3 Ionization energies (I.E.) of
valence electrons in formaldehyde. [Data from 
C. R. Brundle, M. B. Robin, N. A. Kuebler, and H. Basch,
“Perfluoro Effects in Photoelectron Spectroscopy,”
J. Am. Chem. Soc. 1972, 94, 1451.] Here are other

first ionization energies:
CH3 CH2CH2CH3 10.6 eV (sigma)
CH2=CHCH2CH3 9.6 eV (pi)

9.6 eV (nonbonding)

8.6 eV (nonbonding)

9.2 eV (pi)
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Equating velocities from Equations A and B gives

(C)

Equation C tells us the radius of curvature of the path traveled by an ion
with mass m and charge z. The radius of curvature is fixed by the geom-
etry of the hardware. Ions can be selected to reach the detector by
adjusting the magnetic field, B, or the accelerating voltage, V. Normally,
B is varied to select ions and V is fixed near 3 000 V. Transmission of
ions and detector response both decrease when V is decreased.
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absorb as much as 12–15 electron volts (1 eV ! 96.5 kJ/mol), which is enough for
ionization:

70 eV Molecular ion !55 eV 0.1 eV

Almost all stable molecules have an even number of electrons. When one electron is lost,
the resulting cation with one unpaired electron is designated , the molecular ion. After
ionization, usually has enough internal energy (!1 eV) to break into fragments.

A small positive potential on the repeller plate of the ion source pushes ions toward the
analyzer tube, and a small potential on the ion focus plates creates a focused beam. High volt-
age (!1 000–10 000 V) between the ion acceleration plates imparts a high velocity to ions as
they are expelled from the bottom of the ion source.

The electron kinetic energy of 70 eV is much greater than the ionization energy of mole-
cules. Consider formaldehyde in Figure 21-3, whose molecular orbitals were shown in Figure
17-12. The most easily lost electron comes from a nonbonding (“lone pair”) orbital centered
on oxygen, with an ionization energy of 11.0 eV. To remove a pi bonding electron from neu-
tral formaldehyde requires 14.1 eV, and to remove the highest energy sigma bonding electron
from the neutral molecule requires 15.9 eV.

Interaction with a 70-eV electron most likely removes the electron with lowest ionization
energy. The resulting molecular ion, , can have so much extra energy that it breaks into
fragments. There might be so little that its peak is small or absent in the mass spectrum.M"!
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Molecular Mass and Nominal MassBOX 21-1

Atomic mass is the weighted average of the masses of the isotopes of an
element. Bromine consists of 50.69% 79Br with a mass of 78.918 34 Da
(daltons) and 49.31% 81Br with a mass of 80.916 29 Da. Therefore,
its atomic mass is (0.506 9)(78.918 34) " (0.493 1)(80.916 29) !
79.904 Da. The unit of atomic mass is the dalton, Da, defined as 1/12
of the mass of 12C. Mass spectrometrists prefer “u” for “unified atomic
mass unit.” Da and u are synonymous.

The molecular mass of a molecule or an ion is the sum of
atomic masses listed in the periodic table. For bromoethane,

C2H5Br, the molecular mass is (2 $ 12.010 7) " (5 $ 1.007 94) "
(1 $ 79.904) ! 108.965.

The nominal mass of a molecule or ion is the integer mass of
the species with the most abundant isotope of each of the constituent
atoms. For carbon, hydrogen, and bromine the most abundant iso-
topes are 12C, 1H, and 79Br. Therefore, the nominal mass of C2H5Br
is (2 $ 12) " (5 $ 1) " (1 $ 79) ! 108.

How Ions of Different Masses Are Separated by a Magnetic FieldBOX 21-2

Electron ionization in the ion source of the mass spectrometer in
Figure 21-2 creates positive ions, Mz", with different masses. Let
the mass of an ion be m and let its charge be "ze (where e is the
magnitude of the charge of an electron). When the ion is accelerated
through a potential difference V by the ion acceleration plates, it
acquires a kinetic energy equal to the electric potential difference:

(A)

Kinetic energy Potential energy
(v ! velocity)

An ion with charge ze and velocity v traveling perpendicular to
a magnetic field B experiences a force zevB that is perpendicular
to both the velocity vector and the magnetic field vector. This force
deflects the ion through a circular path of radius r. The centripetal
force (mv2/r) required to deflect the particle is provided by the
magnetic field.
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FIGURE 21-3 Ionization energies (I.E.) of
valence electrons in formaldehyde. [Data from 
C. R. Brundle, M. B. Robin, N. A. Kuebler, and H. Basch,
“Perfluoro Effects in Photoelectron Spectroscopy,”
J. Am. Chem. Soc. 1972, 94, 1451.] Here are other

first ionization energies:
CH3 CH2CH2CH3 10.6 eV (sigma)
CH2=CHCH2CH3 9.6 eV (pi)

9.6 eV (nonbonding)

8.6 eV (nonbonding)

9.2 eV (pi)
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Equating velocities from Equations A and B gives

(C)

Equation C tells us the radius of curvature of the path traveled by an ion
with mass m and charge z. The radius of curvature is fixed by the geom-
etry of the hardware. Ions can be selected to reach the detector by
adjusting the magnetic field, B, or the accelerating voltage, V. Normally,
B is varied to select ions and V is fixed near 3 000 V. Transmission of
ions and detector response both decrease when V is decreased.
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absorb as much as 12–15 electron volts (1 eV ! 96.5 kJ/mol), which is enough for
ionization:

70 eV Molecular ion !55 eV 0.1 eV

Almost all stable molecules have an even number of electrons. When one electron is lost,
the resulting cation with one unpaired electron is designated , the molecular ion. After
ionization, usually has enough internal energy (!1 eV) to break into fragments.

A small positive potential on the repeller plate of the ion source pushes ions toward the
analyzer tube, and a small potential on the ion focus plates creates a focused beam. High volt-
age (!1 000–10 000 V) between the ion acceleration plates imparts a high velocity to ions as
they are expelled from the bottom of the ion source.

The electron kinetic energy of 70 eV is much greater than the ionization energy of mole-
cules. Consider formaldehyde in Figure 21-3, whose molecular orbitals were shown in Figure
17-12. The most easily lost electron comes from a nonbonding (“lone pair”) orbital centered
on oxygen, with an ionization energy of 11.0 eV. To remove a pi bonding electron from neu-
tral formaldehyde requires 14.1 eV, and to remove the highest energy sigma bonding electron
from the neutral molecule requires 15.9 eV.

Interaction with a 70-eV electron most likely removes the electron with lowest ionization
energy. The resulting molecular ion, , can have so much extra energy that it breaks into
fragments. There might be so little that its peak is small or absent in the mass spectrum.M"!
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Molecular Mass and Nominal MassBOX 21-1

Atomic mass is the weighted average of the masses of the isotopes of an
element. Bromine consists of 50.69% 79Br with a mass of 78.918 34 Da
(daltons) and 49.31% 81Br with a mass of 80.916 29 Da. Therefore,
its atomic mass is (0.506 9)(78.918 34) " (0.493 1)(80.916 29) !
79.904 Da. The unit of atomic mass is the dalton, Da, defined as 1/12
of the mass of 12C. Mass spectrometrists prefer “u” for “unified atomic
mass unit.” Da and u are synonymous.

The molecular mass of a molecule or an ion is the sum of
atomic masses listed in the periodic table. For bromoethane,

C2H5Br, the molecular mass is (2 $ 12.010 7) " (5 $ 1.007 94) "
(1 $ 79.904) ! 108.965.

The nominal mass of a molecule or ion is the integer mass of
the species with the most abundant isotope of each of the constituent
atoms. For carbon, hydrogen, and bromine the most abundant iso-
topes are 12C, 1H, and 79Br. Therefore, the nominal mass of C2H5Br
is (2 $ 12) " (5 $ 1) " (1 $ 79) ! 108.

How Ions of Different Masses Are Separated by a Magnetic FieldBOX 21-2

Electron ionization in the ion source of the mass spectrometer in
Figure 21-2 creates positive ions, Mz", with different masses. Let
the mass of an ion be m and let its charge be "ze (where e is the
magnitude of the charge of an electron). When the ion is accelerated
through a potential difference V by the ion acceleration plates, it
acquires a kinetic energy equal to the electric potential difference:

(A)

Kinetic energy Potential energy
(v ! velocity)

An ion with charge ze and velocity v traveling perpendicular to
a magnetic field B experiences a force zevB that is perpendicular
to both the velocity vector and the magnetic field vector. This force
deflects the ion through a circular path of radius r. The centripetal
force (mv2/r) required to deflect the particle is provided by the
magnetic field.
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FIGURE 21-3 Ionization energies (I.E.) of
valence electrons in formaldehyde. [Data from 
C. R. Brundle, M. B. Robin, N. A. Kuebler, and H. Basch,
“Perfluoro Effects in Photoelectron Spectroscopy,”
J. Am. Chem. Soc. 1972, 94, 1451.] Here are other

first ionization energies:
CH3 CH2CH2CH3 10.6 eV (sigma)
CH2=CHCH2CH3 9.6 eV (pi)

9.6 eV (nonbonding)

8.6 eV (nonbonding)

9.2 eV (pi)

NH
$

(CH3CH2)2 O

Equating velocities from Equations A and B gives

(C)

Equation C tells us the radius of curvature of the path traveled by an ion
with mass m and charge z. The radius of curvature is fixed by the geom-
etry of the hardware. Ions can be selected to reach the detector by
adjusting the magnetic field, B, or the accelerating voltage, V. Normally,
B is varied to select ions and V is fixed near 3 000 V. Transmission of
ions and detector response both decrease when V is decreased.
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absorb as much as 12–15 electron volts (1 eV ! 96.5 kJ/mol), which is enough for
ionization:

70 eV Molecular ion !55 eV 0.1 eV

Almost all stable molecules have an even number of electrons. When one electron is lost,
the resulting cation with one unpaired electron is designated , the molecular ion. After
ionization, usually has enough internal energy (!1 eV) to break into fragments.

A small positive potential on the repeller plate of the ion source pushes ions toward the
analyzer tube, and a small potential on the ion focus plates creates a focused beam. High volt-
age (!1 000–10 000 V) between the ion acceleration plates imparts a high velocity to ions as
they are expelled from the bottom of the ion source.

The electron kinetic energy of 70 eV is much greater than the ionization energy of mole-
cules. Consider formaldehyde in Figure 21-3, whose molecular orbitals were shown in Figure
17-12. The most easily lost electron comes from a nonbonding (“lone pair”) orbital centered
on oxygen, with an ionization energy of 11.0 eV. To remove a pi bonding electron from neu-
tral formaldehyde requires 14.1 eV, and to remove the highest energy sigma bonding electron
from the neutral molecule requires 15.9 eV.

Interaction with a 70-eV electron most likely removes the electron with lowest ionization
energy. The resulting molecular ion, , can have so much extra energy that it breaks into
fragments. There might be so little that its peak is small or absent in the mass spectrum.M"!
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Molecular Mass and Nominal MassBOX 21-1

Atomic mass is the weighted average of the masses of the isotopes of an
element. Bromine consists of 50.69% 79Br with a mass of 78.918 34 Da
(daltons) and 49.31% 81Br with a mass of 80.916 29 Da. Therefore,
its atomic mass is (0.506 9)(78.918 34) " (0.493 1)(80.916 29) !
79.904 Da. The unit of atomic mass is the dalton, Da, defined as 1/12
of the mass of 12C. Mass spectrometrists prefer “u” for “unified atomic
mass unit.” Da and u are synonymous.

The molecular mass of a molecule or an ion is the sum of
atomic masses listed in the periodic table. For bromoethane,

C2H5Br, the molecular mass is (2 $ 12.010 7) " (5 $ 1.007 94) "
(1 $ 79.904) ! 108.965.

The nominal mass of a molecule or ion is the integer mass of
the species with the most abundant isotope of each of the constituent
atoms. For carbon, hydrogen, and bromine the most abundant iso-
topes are 12C, 1H, and 79Br. Therefore, the nominal mass of C2H5Br
is (2 $ 12) " (5 $ 1) " (1 $ 79) ! 108.

How Ions of Different Masses Are Separated by a Magnetic FieldBOX 21-2

Electron ionization in the ion source of the mass spectrometer in
Figure 21-2 creates positive ions, Mz", with different masses. Let
the mass of an ion be m and let its charge be "ze (where e is the
magnitude of the charge of an electron). When the ion is accelerated
through a potential difference V by the ion acceleration plates, it
acquires a kinetic energy equal to the electric potential difference:

(A)

Kinetic energy Potential energy
(v ! velocity)

An ion with charge ze and velocity v traveling perpendicular to
a magnetic field B experiences a force zevB that is perpendicular
to both the velocity vector and the magnetic field vector. This force
deflects the ion through a circular path of radius r. The centripetal
force (mv2/r) required to deflect the particle is provided by the
magnetic field.
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FIGURE 21-3 Ionization energies (I.E.) of
valence electrons in formaldehyde. [Data from 
C. R. Brundle, M. B. Robin, N. A. Kuebler, and H. Basch,
“Perfluoro Effects in Photoelectron Spectroscopy,”
J. Am. Chem. Soc. 1972, 94, 1451.] Here are other

first ionization energies:
CH3 CH2CH2CH3 10.6 eV (sigma)
CH2=CHCH2CH3 9.6 eV (pi)

9.6 eV (nonbonding)

8.6 eV (nonbonding)

9.2 eV (pi)

NH
$

(CH3CH2)2 O

Equating velocities from Equations A and B gives

(C)

Equation C tells us the radius of curvature of the path traveled by an ion
with mass m and charge z. The radius of curvature is fixed by the geom-
etry of the hardware. Ions can be selected to reach the detector by
adjusting the magnetic field, B, or the accelerating voltage, V. Normally,
B is varied to select ions and V is fixed near 3 000 V. Transmission of
ions and detector response both decrease when V is decreased.
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Figure 21-2 shows a magnetic sector mass spectrometer, which uses a magnetic field to
allow ions of a selected m/z to pass from the ion source to the detector.7 Gaseous molecules
entering at the upper left are converted into ions (usually positive ions), accelerated by an
electric field, and expelled into the analyzer tube, where they encounter a magnetic field
perpendicular to their direction of travel. The tube is maintained under high vacuum (!10!5 Pa,
!10!7 Torr) so that ions are not deflected by collision with background gas molecules. The
magnet deflects ions toward the detector at the far end of the tube (see Box 21-2). Heavy ions
are not deflected enough and light ones are deflected too much to reach the detector. The
spectrum of masses is obtained by varying the magnetic field strength.

At the electron multiplier detector8 in Figure 21-2, each arriving ion starts a cascade of elec-
trons, just as a photon starts a cascade of electrons in a photomultiplier tube (Figure 19-14). A
series of dynodes multiplies the number of electrons by !105 before they reach the anode
where current is measured. The mass spectrum shows detector current as a function of m/z
selected by the magnetic field.

Mass spectrometers can measure negative ions by reversing voltages where the ions
are formed and detected. To detect negative ions, a conversion dynode with a positive
potential is placed before the electron multiplier. When bombarded by negative ions, the
dynode liberates positive ions that are accelerated into the electron multiplier, which
amplifies the signal.

Electron Ionization
Molecules entering the ion source in Figure 21-2 are converted into ions by electron ioniza-
tion. Electrons emitted from a hot filament (like the one in a light bulb) are accelerated
through 70 V before interacting with incoming molecules. Some (!0.01%) molecules (M)
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Figure 21-2 shows a magnetic sector mass spectrometer, which uses a magnetic field to
allow ions of a selected m/z to pass from the ion source to the detector.7 Gaseous molecules
entering at the upper left are converted into ions (usually positive ions), accelerated by an
electric field, and expelled into the analyzer tube, where they encounter a magnetic field
perpendicular to their direction of travel. The tube is maintained under high vacuum (!10!5 Pa,
!10!7 Torr) so that ions are not deflected by collision with background gas molecules. The
magnet deflects ions toward the detector at the far end of the tube (see Box 21-2). Heavy ions
are not deflected enough and light ones are deflected too much to reach the detector. The
spectrum of masses is obtained by varying the magnetic field strength.

At the electron multiplier detector8 in Figure 21-2, each arriving ion starts a cascade of elec-
trons, just as a photon starts a cascade of electrons in a photomultiplier tube (Figure 19-14). A
series of dynodes multiplies the number of electrons by !105 before they reach the anode
where current is measured. The mass spectrum shows detector current as a function of m/z
selected by the magnetic field.

Mass spectrometers can measure negative ions by reversing voltages where the ions
are formed and detected. To detect negative ions, a conversion dynode with a positive
potential is placed before the electron multiplier. When bombarded by negative ions, the
dynode liberates positive ions that are accelerated into the electron multiplier, which
amplifies the signal.

Electron Ionization
Molecules entering the ion source in Figure 21-2 are converted into ions by electron ioniza-
tion. Electrons emitted from a hot filament (like the one in a light bulb) are accelerated
through 70 V before interacting with incoming molecules. Some (!0.01%) molecules (M)
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the periodic table. [From Y. Su, Y. Duan, and Z. Jin,
“Development and Evaluation of a Glow Discharge
Microwave-Induced Plasma Tandem Source for
Time-of-Flight Mass Spectrometry,” Anal. Chem. 2000,
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absorb as much as 12–15 electron volts (1 eV ! 96.5 kJ/mol), which is enough for
ionization:

70 eV Molecular ion !55 eV 0.1 eV

Almost all stable molecules have an even number of electrons. When one electron is lost,
the resulting cation with one unpaired electron is designated , the molecular ion. After
ionization, usually has enough internal energy (!1 eV) to break into fragments.

A small positive potential on the repeller plate of the ion source pushes ions toward the
analyzer tube, and a small potential on the ion focus plates creates a focused beam. High volt-
age (!1 000–10 000 V) between the ion acceleration plates imparts a high velocity to ions as
they are expelled from the bottom of the ion source.

The electron kinetic energy of 70 eV is much greater than the ionization energy of mole-
cules. Consider formaldehyde in Figure 21-3, whose molecular orbitals were shown in Figure
17-12. The most easily lost electron comes from a nonbonding (“lone pair”) orbital centered
on oxygen, with an ionization energy of 11.0 eV. To remove a pi bonding electron from neu-
tral formaldehyde requires 14.1 eV, and to remove the highest energy sigma bonding electron
from the neutral molecule requires 15.9 eV.

Interaction with a 70-eV electron most likely removes the electron with lowest ionization
energy. The resulting molecular ion, , can have so much extra energy that it breaks into
fragments. There might be so little that its peak is small or absent in the mass spectrum.M"!
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Molecular Mass and Nominal MassBOX 21-1

Atomic mass is the weighted average of the masses of the isotopes of an
element. Bromine consists of 50.69% 79Br with a mass of 78.918 34 Da
(daltons) and 49.31% 81Br with a mass of 80.916 29 Da. Therefore,
its atomic mass is (0.506 9)(78.918 34) " (0.493 1)(80.916 29) !
79.904 Da. The unit of atomic mass is the dalton, Da, defined as 1/12
of the mass of 12C. Mass spectrometrists prefer “u” for “unified atomic
mass unit.” Da and u are synonymous.

The molecular mass of a molecule or an ion is the sum of
atomic masses listed in the periodic table. For bromoethane,

C2H5Br, the molecular mass is (2 $ 12.010 7) " (5 $ 1.007 94) "
(1 $ 79.904) ! 108.965.

The nominal mass of a molecule or ion is the integer mass of
the species with the most abundant isotope of each of the constituent
atoms. For carbon, hydrogen, and bromine the most abundant iso-
topes are 12C, 1H, and 79Br. Therefore, the nominal mass of C2H5Br
is (2 $ 12) " (5 $ 1) " (1 $ 79) ! 108.

How Ions of Different Masses Are Separated by a Magnetic FieldBOX 21-2

Electron ionization in the ion source of the mass spectrometer in
Figure 21-2 creates positive ions, Mz", with different masses. Let
the mass of an ion be m and let its charge be "ze (where e is the
magnitude of the charge of an electron). When the ion is accelerated
through a potential difference V by the ion acceleration plates, it
acquires a kinetic energy equal to the electric potential difference:

(A)

Kinetic energy Potential energy
(v ! velocity)

An ion with charge ze and velocity v traveling perpendicular to
a magnetic field B experiences a force zevB that is perpendicular
to both the velocity vector and the magnetic field vector. This force
deflects the ion through a circular path of radius r. The centripetal
force (mv2/r) required to deflect the particle is provided by the
magnetic field.
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FIGURE 21-3 Ionization energies (I.E.) of
valence electrons in formaldehyde. [Data from 
C. R. Brundle, M. B. Robin, N. A. Kuebler, and H. Basch,
“Perfluoro Effects in Photoelectron Spectroscopy,”
J. Am. Chem. Soc. 1972, 94, 1451.] Here are other

first ionization energies:
CH3 CH2CH2CH3 10.6 eV (sigma)
CH2=CHCH2CH3 9.6 eV (pi)

9.6 eV (nonbonding)

8.6 eV (nonbonding)

9.2 eV (pi)

NH
$

(CH3CH2)2 O

Equating velocities from Equations A and B gives

(C)

Equation C tells us the radius of curvature of the path traveled by an ion
with mass m and charge z. The radius of curvature is fixed by the geom-
etry of the hardware. Ions can be selected to reach the detector by
adjusting the magnetic field, B, or the accelerating voltage, V. Normally,
B is varied to select ions and V is fixed near 3 000 V. Transmission of
ions and detector response both decrease when V is decreased.

zeBr
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m
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!
eB2r2

2V

13



UFR
J

Espectro de massas

14

The electron ionization mass spectrum at the left side of Figure 21-4 does not exhibit an M!!

peak that would be at m/z 226. Instead, there are peaks at m/z 197, 156, 141, 112, 98, 69, and 55,
arising from fragmentation of . These peaks provide clues about the structure of the mol-
ecule. A computer search is commonly used to match the spectrum of an unknown to similar
spectra in a library.10

If you lower the kinetic energy of electrons in the ionization source to, say, 20 eV, there
will be a lower yield of ions and less fragmentation. You would likely observe a greater abun-
dance of molecular ions. We customarily use 70 eV because it gives reproducible fragmentation
patterns that can be compared with library spectra.

The most intense peak in a mass spectrum is called the base peak. Intensities of other
peaks are expressed as a percentage of the base peak intensity. In the electron ionization
spectrum in Figure 21-4, the base peak is at m/z 141.

Electrons with an energy near 70 eV almost exclusively create cationic molecular products.
If the electron energy is lower, it is possible to form negative ions from molecules with a
sufficiently great electron affinity:

Resonance capture:
"0.1 eV

Dissociative capture:
0.1–10 eV

Chemical ionization produces less fragmentation than electron ionization. For chemical
ionization, the ionization source is filled with a reagent gas such as methane, isobutane,
or ammonia, at a pressure of !100 Pa (!1 mbar, !1 Torr). Energetic electrons (100–200 eV)
convert CH4 into a variety of reactive products:

CH!
5 is a potent proton donor that reacts with analyte to give the protonated molecule, MH!,

which is usually the most abundant ion in the chemical ionization mass spectrum.

In the chemical ionization spectrum in Figure 21-4, MH! at m/z 227 is the second strongest
peak and there are fewer fragments than in the electron ionization spectrum.

Ammonia or isobutane are used in place of CH4 to reduce the fragmentation of MH!.
These reagents bind H! more strongly than CH4 does and impart less energy to MH! when
the proton is transferred to M. Another mild, versatile ionization reagent is NO! generated
from NO by radioactive 210Po.12
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FIGURE 21-4 Mass spectra of the sedative pentobarbital from electron ionization (left) or chemical
ionization (right). The molecular ion (M" !, m/z 226) is not evident with electron ionization. The
dominant ion from chemical ionization is MH" . The peak at m/z 255 in the chemical ionization
spectrum is from M(C2H5)" . [Courtesy Varian Associates, Sunnyvale, CA.]

CH"
5 is described as a CH3 tripod with an

added H2 unit. [H—C—H] is held together by
two electrons distributed over three atoms.
Atoms of the H2 unit rapidly exchange with
atoms of the CH3 unit.11

A reasonable match of the experimental
spectrum to one in the computer library is not
proof of molecular structure—it is just a clue.9

You must be able to explain all major peaks
(and even minor peaks at high m/z) in the
spectrum in terms of the proposed structure,
and you should obtain a matching spectrum
from an authentic sample before reaching a
conclusion. The authentic sample must have
the same chromatographic retention time as
the proposed unknown. Many isomers
produce nearly identical mass spectra.

The molecular ion, M" !, can be formed by
reactions such as

MH! is the protonated molecule, not the
molecular ion.

CH"
4

! " M S  CH4 " M" !
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The electron ionization mass spectrum at the left side of Figure 21-4 does not exhibit an M!!

peak that would be at m/z 226. Instead, there are peaks at m/z 197, 156, 141, 112, 98, 69, and 55,
arising from fragmentation of . These peaks provide clues about the structure of the mol-
ecule. A computer search is commonly used to match the spectrum of an unknown to similar
spectra in a library.10

If you lower the kinetic energy of electrons in the ionization source to, say, 20 eV, there
will be a lower yield of ions and less fragmentation. You would likely observe a greater abun-
dance of molecular ions. We customarily use 70 eV because it gives reproducible fragmentation
patterns that can be compared with library spectra.

The most intense peak in a mass spectrum is called the base peak. Intensities of other
peaks are expressed as a percentage of the base peak intensity. In the electron ionization
spectrum in Figure 21-4, the base peak is at m/z 141.

Electrons with an energy near 70 eV almost exclusively create cationic molecular products.
If the electron energy is lower, it is possible to form negative ions from molecules with a
sufficiently great electron affinity:

Resonance capture:
"0.1 eV

Dissociative capture:
0.1–10 eV

Chemical ionization produces less fragmentation than electron ionization. For chemical
ionization, the ionization source is filled with a reagent gas such as methane, isobutane,
or ammonia, at a pressure of !100 Pa (!1 mbar, !1 Torr). Energetic electrons (100–200 eV)
convert CH4 into a variety of reactive products:

CH!
5 is a potent proton donor that reacts with analyte to give the protonated molecule, MH!,

which is usually the most abundant ion in the chemical ionization mass spectrum.

In the chemical ionization spectrum in Figure 21-4, MH! at m/z 227 is the second strongest
peak and there are fewer fragments than in the electron ionization spectrum.

Ammonia or isobutane are used in place of CH4 to reduce the fragmentation of MH!.
These reagents bind H! more strongly than CH4 does and impart less energy to MH! when
the proton is transferred to M. Another mild, versatile ionization reagent is NO! generated
from NO by radioactive 210Po.12
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FIGURE 21-4 Mass spectra of the sedative pentobarbital from electron ionization (left) or chemical
ionization (right). The molecular ion (M" !, m/z 226) is not evident with electron ionization. The
dominant ion from chemical ionization is MH" . The peak at m/z 255 in the chemical ionization
spectrum is from M(C2H5)" . [Courtesy Varian Associates, Sunnyvale, CA.]

CH"
5 is described as a CH3 tripod with an

added H2 unit. [H—C—H] is held together by
two electrons distributed over three atoms.
Atoms of the H2 unit rapidly exchange with
atoms of the CH3 unit.11

A reasonable match of the experimental
spectrum to one in the computer library is not
proof of molecular structure—it is just a clue.9

You must be able to explain all major peaks
(and even minor peaks at high m/z) in the
spectrum in terms of the proposed structure,
and you should obtain a matching spectrum
from an authentic sample before reaching a
conclusion. The authentic sample must have
the same chromatographic retention time as
the proposed unknown. Many isomers
produce nearly identical mass spectra.
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The electron ionization mass spectrum at the left side of Figure 21-4 does not exhibit an M!!

peak that would be at m/z 226. Instead, there are peaks at m/z 197, 156, 141, 112, 98, 69, and 55,
arising from fragmentation of . These peaks provide clues about the structure of the mol-
ecule. A computer search is commonly used to match the spectrum of an unknown to similar
spectra in a library.10

If you lower the kinetic energy of electrons in the ionization source to, say, 20 eV, there
will be a lower yield of ions and less fragmentation. You would likely observe a greater abun-
dance of molecular ions. We customarily use 70 eV because it gives reproducible fragmentation
patterns that can be compared with library spectra.

The most intense peak in a mass spectrum is called the base peak. Intensities of other
peaks are expressed as a percentage of the base peak intensity. In the electron ionization
spectrum in Figure 21-4, the base peak is at m/z 141.

Electrons with an energy near 70 eV almost exclusively create cationic molecular products.
If the electron energy is lower, it is possible to form negative ions from molecules with a
sufficiently great electron affinity:

Resonance capture:
"0.1 eV

Dissociative capture:
0.1–10 eV

Chemical ionization produces less fragmentation than electron ionization. For chemical
ionization, the ionization source is filled with a reagent gas such as methane, isobutane,
or ammonia, at a pressure of !100 Pa (!1 mbar, !1 Torr). Energetic electrons (100–200 eV)
convert CH4 into a variety of reactive products:

CH!
5 is a potent proton donor that reacts with analyte to give the protonated molecule, MH!,

which is usually the most abundant ion in the chemical ionization mass spectrum.

In the chemical ionization spectrum in Figure 21-4, MH! at m/z 227 is the second strongest
peak and there are fewer fragments than in the electron ionization spectrum.

Ammonia or isobutane are used in place of CH4 to reduce the fragmentation of MH!.
These reagents bind H! more strongly than CH4 does and impart less energy to MH! when
the proton is transferred to M. Another mild, versatile ionization reagent is NO! generated
from NO by radioactive 210Po.12
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FIGURE 21-4 Mass spectra of the sedative pentobarbital from electron ionization (left) or chemical
ionization (right). The molecular ion (M" !, m/z 226) is not evident with electron ionization. The
dominant ion from chemical ionization is MH" . The peak at m/z 255 in the chemical ionization
spectrum is from M(C2H5)" . [Courtesy Varian Associates, Sunnyvale, CA.]

CH"
5 is described as a CH3 tripod with an

added H2 unit. [H—C—H] is held together by
two electrons distributed over three atoms.
Atoms of the H2 unit rapidly exchange with
atoms of the CH3 unit.11

A reasonable match of the experimental
spectrum to one in the computer library is not
proof of molecular structure—it is just a clue.9

You must be able to explain all major peaks
(and even minor peaks at high m/z) in the
spectrum in terms of the proposed structure,
and you should obtain a matching spectrum
from an authentic sample before reaching a
conclusion. The authentic sample must have
the same chromatographic retention time as
the proposed unknown. Many isomers
produce nearly identical mass spectra.

The molecular ion, M" !, can be formed by
reactions such as

MH! is the protonated molecule, not the
molecular ion.

CH"
4
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The electron ionization mass spectrum at the left side of Figure 21-4 does not exhibit an M!!

peak that would be at m/z 226. Instead, there are peaks at m/z 197, 156, 141, 112, 98, 69, and 55,
arising from fragmentation of . These peaks provide clues about the structure of the mol-
ecule. A computer search is commonly used to match the spectrum of an unknown to similar
spectra in a library.10

If you lower the kinetic energy of electrons in the ionization source to, say, 20 eV, there
will be a lower yield of ions and less fragmentation. You would likely observe a greater abun-
dance of molecular ions. We customarily use 70 eV because it gives reproducible fragmentation
patterns that can be compared with library spectra.

The most intense peak in a mass spectrum is called the base peak. Intensities of other
peaks are expressed as a percentage of the base peak intensity. In the electron ionization
spectrum in Figure 21-4, the base peak is at m/z 141.

Electrons with an energy near 70 eV almost exclusively create cationic molecular products.
If the electron energy is lower, it is possible to form negative ions from molecules with a
sufficiently great electron affinity:

Resonance capture:
"0.1 eV

Dissociative capture:
0.1–10 eV

Chemical ionization produces less fragmentation than electron ionization. For chemical
ionization, the ionization source is filled with a reagent gas such as methane, isobutane,
or ammonia, at a pressure of !100 Pa (!1 mbar, !1 Torr). Energetic electrons (100–200 eV)
convert CH4 into a variety of reactive products:

CH!
5 is a potent proton donor that reacts with analyte to give the protonated molecule, MH!,

which is usually the most abundant ion in the chemical ionization mass spectrum.

In the chemical ionization spectrum in Figure 21-4, MH! at m/z 227 is the second strongest
peak and there are fewer fragments than in the electron ionization spectrum.

Ammonia or isobutane are used in place of CH4 to reduce the fragmentation of MH!.
These reagents bind H! more strongly than CH4 does and impart less energy to MH! when
the proton is transferred to M. Another mild, versatile ionization reagent is NO! generated
from NO by radioactive 210Po.12
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FIGURE 21-4 Mass spectra of the sedative pentobarbital from electron ionization (left) or chemical
ionization (right). The molecular ion (M" !, m/z 226) is not evident with electron ionization. The
dominant ion from chemical ionization is MH" . The peak at m/z 255 in the chemical ionization
spectrum is from M(C2H5)" . [Courtesy Varian Associates, Sunnyvale, CA.]

CH"
5 is described as a CH3 tripod with an

added H2 unit. [H—C—H] is held together by
two electrons distributed over three atoms.
Atoms of the H2 unit rapidly exchange with
atoms of the CH3 unit.11

A reasonable match of the experimental
spectrum to one in the computer library is not
proof of molecular structure—it is just a clue.9

You must be able to explain all major peaks
(and even minor peaks at high m/z) in the
spectrum in terms of the proposed structure,
and you should obtain a matching spectrum
from an authentic sample before reaching a
conclusion. The authentic sample must have
the same chromatographic retention time as
the proposed unknown. Many isomers
produce nearly identical mass spectra.
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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 (!G◦

f, Ka, 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− −→ M•+ + 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:

M⋅+

EE+
EVEN ION

R⋅
RADICAL

OE⋅+ 
ODD ION

N
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
C⃝ Copyright 2007, John Wiley & Sons Ltd
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Figure 1.1
Diagram of an electron ionization source.

the analysed sample injected into the source. Gases and samples with high vapour pressure
are introduced 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 λ is given by

λ = h

mv

where m is its mass, v its velocity and h Planck’s constant. This wavelength is 2.7 Å for
a kinetic energy of 20 eV and 1.4 Å for 70 eV. When this wavelength 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) is varied [4]. At low potentials the energy is lower 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, a wide maximum
appears around 70 eV. At this level, small changes in the electron energy do not significantly
affect the pattern of the spectrum.

On average, one ion is produced for every 1000 molecules entering the source under the
usual spectrometer conditions, at 70 eV. Furthermore, between 10 and 20 eV is transferred
to the molecules during the ionization process. Since approximately 10 eV 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 I
produced per unit time in a volume V is linked to the pressure pand to the electron current
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• Trabalha bem em moléculas em fase gasosa, 
• Induz fragmentação extensiva na molécula
• Alta energia tende a fragmentar tudo
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• Produz íons com pequeno excesso de energia
• Induz pouca fragmentação na molécula
• Espectro apresenta poucos fragmentos
• Técnica complementar à EI
• Gás contendo próton se choca com Molécula (M) 
• Se a afinidade do Gás é menor que a afinidade da molécula temos 

MH+, PA(G)<PA(M)
• Gases comumente uPlizados são Metano (5.7eV), isobutano(8,5eV) e 

amônia(9.0eV)
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Figure 1.3
Two spectra of β-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. Ion–molecule collisions will thus
be induced in a definite part of the source. In order to do so, the local 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 source is then devised so as to maintain a local pressure
of that magnitude. A solution consists of introducing into the source a small box about 1 cm
along its side as is shown in Figure 1.4.

Two lateral holes allow for the crossing of electrons and another hole at the bottom
allows the product ions to pass through. Moreover, there is a reagent gas input 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 pressure in 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
molecules through electron ionization. The resulting ion will then mostly collide with other
reagent gas molecules, thus creating an ionization plasma through a series of reactions. Both
positive and negative ions of the substance to be analysed will be formed by chemical reac-
tions with ions in this plasma. This causes proton transfer reactions, hydride abstractions,
adduct formations, charge transfers, and so on.

This plasma will also contain low-energy electrons, called thermal electrons. These are
either electrons that were used for the first ionization and later slowed, or electrons produced
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Figure 1.5
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 the reagent gas has a proton 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 = 8.5 eV) and ammonia (PA = 9.0 eV). 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 CI 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 CI spectra exhibit the protonated molecular ion at m/z 143, and very few
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Figure 1.5
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 the reagent gas has a proton 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 = 8.5 eV) and ammonia (PA = 9.0 eV). 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 CI 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 CI 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. Methane and isobutane CI mass spectra of butyl methacrylate give
the protonated molecular ions, but the degree of fragmentation is different. With isobutane,
the base peak is the protonated molecular ion at m/z 143, whereas with methane the base
peak is a fragment ion at m/z 87.

1.2.2 Adduct Formation

In CI plasma, all the ions are liable to associate with polar molecules to form adducts, a
kind of gas-phase solvation. The process is favoured by the possible formation of hydrogen
bonds. For the adduct to be stable, the excess energy must be eliminated, a process which
requires a collision with a third partner. The reaction rate equation observed in the formation
of these adducts is indeed third order. Ions resulting from the association of a reagent gas
molecule G with a protonated molecular ion MH+ or with a fragment ion F+, of a protonated
molecular ion MH+ with a neutral 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)+

F+ + 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 CI 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 a mixture 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 potential react
by charge exchange:

Xe + e− −→ Xe•+ + 2e−

Xe•+ + M −→ M•+ + Xe

A radical cation is obtained, as in EI, but with a smaller energy content. Less fragmentation
is thus observed. In practice, these gases are not used very often.

O plasma é responsável pela formação da associação de 
íons, também conhecidos como adutos
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Figure 1.6
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 a classical EI reaction:

CH4 + e− −→ CH4
•+ + 2e−

This ion will fragment, mainly through the following reactions:

CH4
•+ −→ CH3

+ + H•

CH4
•+ −→ CH2

•+ + H2

However, mostly, it will collide and react with other methane molecules yielding

CH4
•+ + CH4 −→ CH5

+ + CH3
•

Other ion–molecule reactions with methane will occur in the plasma, such as

CH3
+ + CH4 −→ C2H5

+ + H2

MW=58

Mistura de 
dois 

compostos 
261 e 270
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fragmentations. This example shows also the control of the fragmentation degree in CI by
changing the reagent gas. Methane and isobutane CI mass spectra of butyl methacrylate give
the protonated molecular ions, but the degree of fragmentation is different. With isobutane,
the base peak is the protonated molecular ion at m/z 143, whereas with methane the base
peak is a fragment ion at m/z 87.

1.2.2 Adduct Formation

In CI plasma, all the ions are liable to associate with polar molecules to form adducts, a
kind of gas-phase solvation. The process is favoured by the possible formation of hydrogen
bonds. For the adduct to be stable, the excess energy must be eliminated, a process which
requires a collision with a third partner. The reaction rate equation observed in the formation
of these adducts is indeed third order. Ions resulting from the association of a reagent gas
molecule G with a protonated molecular ion MH+ or with a fragment ion F+, of a protonated
molecular ion MH+ with a neutral 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)+

F+ + 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 CI 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 a mixture 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 potential react
by charge exchange:

Xe + e− −→ Xe•+ + 2e−

Xe•+ + M −→ M•+ + Xe

A radical cation is obtained, as in EI, but with a smaller energy content. Less fragmentation
is thus observed. In practice, these gases are not used very often.
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The electron ionization mass spectrum at the left side of Figure 21-4 does not exhibit an M!!

peak that would be at m/z 226. Instead, there are peaks at m/z 197, 156, 141, 112, 98, 69, and 55,
arising from fragmentation of . These peaks provide clues about the structure of the mol-
ecule. A computer search is commonly used to match the spectrum of an unknown to similar
spectra in a library.10

If you lower the kinetic energy of electrons in the ionization source to, say, 20 eV, there
will be a lower yield of ions and less fragmentation. You would likely observe a greater abun-
dance of molecular ions. We customarily use 70 eV because it gives reproducible fragmentation
patterns that can be compared with library spectra.

The most intense peak in a mass spectrum is called the base peak. Intensities of other
peaks are expressed as a percentage of the base peak intensity. In the electron ionization
spectrum in Figure 21-4, the base peak is at m/z 141.

Electrons with an energy near 70 eV almost exclusively create cationic molecular products.
If the electron energy is lower, it is possible to form negative ions from molecules with a
sufficiently great electron affinity:

Resonance capture:
"0.1 eV

Dissociative capture:
0.1–10 eV

Chemical ionization produces less fragmentation than electron ionization. For chemical
ionization, the ionization source is filled with a reagent gas such as methane, isobutane,
or ammonia, at a pressure of !100 Pa (!1 mbar, !1 Torr). Energetic electrons (100–200 eV)
convert CH4 into a variety of reactive products:

CH!
5 is a potent proton donor that reacts with analyte to give the protonated molecule, MH!,

which is usually the most abundant ion in the chemical ionization mass spectrum.

In the chemical ionization spectrum in Figure 21-4, MH! at m/z 227 is the second strongest
peak and there are fewer fragments than in the electron ionization spectrum.

Ammonia or isobutane are used in place of CH4 to reduce the fragmentation of MH!.
These reagents bind H! more strongly than CH4 does and impart less energy to MH! when
the proton is transferred to M. Another mild, versatile ionization reagent is NO! generated
from NO by radioactive 210Po.12

CH!
5 ! M S  CH4 ! MH!

CH!
3 ! CH4 S C2H!

5 ! H2

CH!
4

! S CH!
3 ! H!

CH!
4

! ! CH4 S CH!
5 ! !CH3

CH4 ! e# S  CH!
4

! ! 2e#

XY  !   e# S  X  !   Y#!

M  !   e# S  M#!

M!!
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FIGURE 21-4 Mass spectra of the sedative pentobarbital from electron ionization (left) or chemical
ionization (right). The molecular ion (M" !, m/z 226) is not evident with electron ionization. The
dominant ion from chemical ionization is MH" . The peak at m/z 255 in the chemical ionization
spectrum is from M(C2H5)" . [Courtesy Varian Associates, Sunnyvale, CA.]

CH"
5 is described as a CH3 tripod with an

added H2 unit. [H—C—H] is held together by
two electrons distributed over three atoms.
Atoms of the H2 unit rapidly exchange with
atoms of the CH3 unit.11

A reasonable match of the experimental
spectrum to one in the computer library is not
proof of molecular structure—it is just a clue.9

You must be able to explain all major peaks
(and even minor peaks at high m/z) in the
spectrum in terms of the proposed structure,
and you should obtain a matching spectrum
from an authentic sample before reaching a
conclusion. The authentic sample must have
the same chromatographic retention time as
the proposed unknown. Many isomers
produce nearly identical mass spectra.

The molecular ion, M" !, can be formed by
reactions such as

MH! is the protonated molecule, not the
molecular ion.

CH"
4

! " M S  CH4 " M" !
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Figure 1.6
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 a classical EI reaction:

CH4 + e− −→ CH4
•+ + 2e−

This ion will fragment, mainly through the following reactions:

CH4
•+ −→ CH3

+ + H•

CH4
•+ −→ CH2

•+ + H2

However, mostly, it will collide and react with other methane molecules yielding

CH4
•+ + CH4 −→ CH5

+ + CH3
•

Other ion–molecule reactions with methane will occur in the plasma, such as

CH3
+ + CH4 −→ C2H5

+ + H2
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Figure 1.6
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 a classical EI reaction:

CH4 + e− −→ CH4
•+ + 2e−

This ion will fragment, mainly through the following reactions:

CH4
•+ −→ CH3

+ + H•

CH4
•+ −→ CH2

•+ + H2

However, mostly, it will collide and react with other methane molecules yielding

CH4
•+ + CH4 −→ CH5

+ + CH3
•

Other ion–molecule reactions with methane will occur in the plasma, such as

CH3
+ + CH4 −→ C2H5

+ + H2
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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 a classical EI reaction:

CH4 + e− −→ CH4
•+ + 2e−

This ion will fragment, mainly through the following reactions:

CH4
•+ −→ CH3

+ + H•

CH4
•+ −→ CH2

•+ + H2

However, mostly, it will collide and react with other methane molecules yielding

CH4
•+ + CH4 −→ CH5

+ + CH3
•

Other ion–molecule reactions with methane will occur in the plasma, such as

CH3
+ + CH4 −→ C2H5

+ + H2
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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 a classical EI reaction:

CH4 + e− −→ CH4
•+ + 2e−

This ion will fragment, mainly through the following reactions:

CH4
•+ −→ CH3

+ + H•

CH4
•+ −→ CH2

•+ + H2

However, mostly, it will collide and react with other methane molecules yielding

CH4
•+ + CH4 −→ CH5

+ + CH3
•

Other ion–molecule reactions with methane will occur in the plasma, such as

CH3
+ + CH4 −→ C2H5

+ + H2
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Figure 1.7
Spectrum of methane ionization plasma at
20 Pa. The relative intensities depend on the
pressure in the source.

A C3H5
+ ion is formed by the following successive reactions:

CH2
•+ + CH4 −→ C2H3

+ + H2 + H•

C2H3
+ + CH4 −→ C3H5

+ + H2

The relative abundance of all these ions will depend on the pressure. Figure 1.7 shows the
spectrum of the plasma obtained at 200 µbar (20 Pa). Taking CH5

+, the most abundant ion,
as a reference (100 %), C2H5

+ amounts to 83 % and C3H5
+ to 14 %.

Unless it is a saturated hydrocarbon, the sample will mostly react by acquiring a proton
in an acid–base type of reaction with one of the plasma ions, for example

M + CH5
+ −→ MH+ + CH4

A systematic study showed that the main ionizing reactions of molecules containing het-
eroatoms occurred through acid–base reactions with C2H5

+ and C3H5
+. If, however, the

sample is a saturated hydrocarbon RH, the ionization reaction will be a hydride abstraction:

RH + CH5
+ −→ R+ + CH4 + H2

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

M + CH3
+ −→ (M + CH3)+

The ions (MH)+, R+ and (M + CH3)+ and other adducts of ions with the molecule are
termed molecular species or, less often, pseudomolecular ions. They allow the determination
of the molecular mass of the molecules in the sample.

1.2.4.2 Isobutane as Reagent Gas

Isobutane loses an electron upon EI and yields the corresponding radical cation, which will
fragment mainly through the loss of a hydrogen radical to yield a t-butyl cation, and to a
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Figure 1.7
Spectrum of methane ionization plasma at
20 Pa. The relative intensities depend on the
pressure in the source.

A C3H5
+ ion is formed by the following successive reactions:

CH2
•+ + CH4 −→ C2H3

+ + H2 + H•

C2H3
+ + CH4 −→ C3H5

+ + H2

The relative abundance of all these ions will depend on the pressure. Figure 1.7 shows the
spectrum of the plasma obtained at 200 µbar (20 Pa). Taking CH5

+, the most abundant ion,
as a reference (100 %), C2H5

+ amounts to 83 % and C3H5
+ to 14 %.

Unless it is a saturated hydrocarbon, the sample will mostly react by acquiring a proton
in an acid–base type of reaction with one of the plasma ions, for example

M + CH5
+ −→ MH+ + CH4

A systematic study showed that the main ionizing reactions of molecules containing het-
eroatoms occurred through acid–base reactions with C2H5

+ and C3H5
+. If, however, the

sample is a saturated hydrocarbon RH, the ionization reaction will be a hydride abstraction:

RH + CH5
+ −→ R+ + CH4 + H2

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

M + CH3
+ −→ (M + CH3)+

The ions (MH)+, R+ and (M + CH3)+ and other adducts of ions with the molecule are
termed molecular species or, less often, pseudomolecular ions. They allow the determination
of the molecular mass of the molecules in the sample.

1.2.4.2 Isobutane as Reagent Gas

Isobutane loses an electron upon EI and yields the corresponding radical cation, which will
fragment mainly through the loss of a hydrogen radical to yield a t-butyl cation, and to a
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The relative abundance of all these ions will depend on the pressure. Figure 1.7 shows the
spectrum of the plasma obtained at 200 µbar (20 Pa). Taking CH5

+, the most abundant ion,
as a reference (100 %), C2H5

+ amounts to 83 % and C3H5
+ to 14 %.

Unless it is a saturated hydrocarbon, the sample will mostly react by acquiring a proton
in an acid–base type of reaction with one of the plasma ions, for example

M + CH5
+ −→ MH+ + CH4

A systematic study showed that the main ionizing reactions of molecules containing het-
eroatoms occurred through acid–base reactions with C2H5

+ and C3H5
+. If, however, the

sample is a saturated hydrocarbon RH, the ionization reaction will be a hydride abstraction:

RH + CH5
+ −→ R+ + CH4 + H2

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

M + CH3
+ −→ (M + CH3)+

The ions (MH)+, R+ and (M + CH3)+ and other adducts of ions with the molecule are
termed molecular species or, less often, pseudomolecular ions. They allow the determination
of the molecular mass of the molecules in the sample.

1.2.4.2 Isobutane as Reagent Gas

Isobutane loses an electron upon EI and yields the corresponding radical cation, which will
fragment mainly through the loss of a hydrogen radical to yield a t-butyl cation, and to a
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A C3H5
+ ion is formed by the following successive reactions:

CH2
•+ + CH4 −→ C2H3

+ + H2 + H•

C2H3
+ + CH4 −→ C3H5

+ + H2

The relative abundance of all these ions will depend on the pressure. Figure 1.7 shows the
spectrum of the plasma obtained at 200 µbar (20 Pa). Taking CH5

+, the most abundant ion,
as a reference (100 %), C2H5

+ amounts to 83 % and C3H5
+ to 14 %.

Unless it is a saturated hydrocarbon, the sample will mostly react by acquiring a proton
in an acid–base type of reaction with one of the plasma ions, for example

M + CH5
+ −→ MH+ + CH4

A systematic study showed that the main ionizing reactions of molecules containing het-
eroatoms occurred through acid–base reactions with C2H5

+ and C3H5
+. If, however, the

sample is a saturated hydrocarbon RH, the ionization reaction will be a hydride abstraction:

RH + CH5
+ −→ R+ + CH4 + H2

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

M + CH3
+ −→ (M + CH3)+

The ions (MH)+, R+ and (M + CH3)+ and other adducts of ions with the molecule are
termed molecular species or, less often, pseudomolecular ions. They allow the determination
of the molecular mass of the molecules in the sample.

1.2.4.2 Isobutane as Reagent Gas

Isobutane loses an electron upon EI and yields the corresponding radical cation, which will
fragment mainly through the loss of a hydrogen radical to yield a t-butyl cation, and to a
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A C3H5
+ ion is formed by the following successive reactions:

CH2
•+ + CH4 −→ C2H3

+ + H2 + H•

C2H3
+ + CH4 −→ C3H5

+ + H2

The relative abundance of all these ions will depend on the pressure. Figure 1.7 shows the
spectrum of the plasma obtained at 200 µbar (20 Pa). Taking CH5

+, the most abundant ion,
as a reference (100 %), C2H5

+ amounts to 83 % and C3H5
+ to 14 %.

Unless it is a saturated hydrocarbon, the sample will mostly react by acquiring a proton
in an acid–base type of reaction with one of the plasma ions, for example

M + CH5
+ −→ MH+ + CH4

A systematic study showed that the main ionizing reactions of molecules containing het-
eroatoms occurred through acid–base reactions with C2H5

+ and C3H5
+. If, however, the

sample is a saturated hydrocarbon RH, the ionization reaction will be a hydride abstraction:

RH + CH5
+ −→ R+ + CH4 + H2

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

M + CH3
+ −→ (M + CH3)+

The ions (MH)+, R+ and (M + CH3)+ and other adducts of ions with the molecule are
termed molecular species or, less often, pseudomolecular ions. They allow the determination
of the molecular mass of the molecules in the sample.

1.2.4.2 Isobutane as Reagent Gas

Isobutane loses an electron upon EI and yields the corresponding radical cation, which will
fragment mainly through the loss of a hydrogen radical to yield a t-butyl cation, and to a
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Figure 1.8
Spectrum of the isobutane plasma under
chemical ionization conditions at 200 µbar.

lesser extent through the loss of a methyl radical:
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An ion with mass 39 Da is also observed in its spectrum (Figure 1.8) which corresponds
to C3H3

+. Neither its formation mechanism nor its structure are known, but it is possible
that it is the aromatic cyclopropenium ion.

Here again, the plasma ions 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 is relatively stable. This characteristic allows its use in order to detect specif-
ically various substances in mixtures containing also hydrocarbons.

1.2.4.3 Ammonia as Reagent Gas

The radical cation generated by EI reacts with an ammonia molecule to yield the ammonium
ion and the NH2

• radical:

NH3
•+ + NH3 −→ NH4

+ + NH2
•

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

NH4
+ + NH3 −→ (NH4 + NH3)+

This adduct represents 15 % of the intensity of the ammonium ion at 200 µbar.
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chemical ionization conditions at 200 µbar.
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An ion with mass 39 Da is also observed in its spectrum (Figure 1.8) which corresponds
to C3H3

+. Neither its formation mechanism nor its structure are known, but it is possible
that it is the aromatic cyclopropenium ion.

Here again, the plasma ions 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 is relatively stable. This characteristic allows its use in order to detect specif-
ically various substances in mixtures containing also hydrocarbons.

1.2.4.3 Ammonia as Reagent Gas

The radical cation generated by EI reacts with an ammonia molecule to yield the ammonium
ion and the NH2

• radical:

NH3
•+ + NH3 −→ NH4

+ + NH2
•

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

NH4
+ + NH3 −→ (NH4 + NH3)+

This adduct represents 15 % of the intensity of the ammonium ion at 200 µbar.



UFR
J

chap01 JWBK172-Hoffmann August 7, 2007 0:6

1.2 CHEMICAL IONIZATION 25

100

50

10 20 30 40 50 60 70 m /z

18

35
R

el
at

iv
e 

in
te

ns
ity

Figure 1.9
Spectrum of an ammonia ionization plasma at
200 µbar.

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:

RNH2 + NH4
+ −→ RNH3

+ + NH3

Polar molecules and those able to form hydrogen bonds while presenting no or little basic
character will form adducts. In intermediate cases, two pseudomolecular ions (M + 1)+ and
(M + 18)+ will be observed. Compounds that do not correspond to the criteria listed 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
spectra measured with various reagent gases will thus be very instructive. For example, the
detection, in the presence of a wealth of saturated hydrocarbons, of a few compounds liable
to be ionized is possible, as shown in Figure 1.10.

1.2.5 Negative Ion 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–molecule reactions between analyte
and ions present in the reagent plasma.

All CI 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
electrons with molecules leads to negative ion production by three different mechanisms [5]:

AB + e− −→ AB•− (associative resonance capture)

AB + e− −→ A• + B− (dissociative resonance capture)

AB + e− −→ A+ + B− + e− (ion pair production)

These electrons can be captured by a molecule. The process can be associative or disso-
ciative. The associative resonance capture that leads to the formation of negative molecular
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An ion with mass 39 Da is also observed in its spectrum (Figure 1.8) which corresponds
to C3H3

+. Neither its formation mechanism nor its structure are known, but it is possible
that it is the aromatic cyclopropenium ion.

Here again, the plasma ions 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 is relatively stable. This characteristic allows its use in order to detect specif-
ically various substances in mixtures containing also hydrocarbons.

1.2.4.3 Ammonia as Reagent Gas

The radical cation generated by EI reacts with an ammonia molecule to yield the ammonium
ion and the NH2

• radical:

NH3
•+ + NH3 −→ NH4

+ + NH2
•

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

NH4
+ + NH3 −→ (NH4 + NH3)+

This adduct represents 15 % of the intensity of the ammonium ion at 200 µbar.
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An ion with mass 39 Da is also observed in its spectrum (Figure 1.8) which corresponds
to C3H3

+. Neither its formation mechanism nor its structure are known, but it is possible
that it is the aromatic cyclopropenium ion.

Here again, the plasma ions 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 is relatively stable. This characteristic allows its use in order to detect specif-
ically various substances in mixtures containing also hydrocarbons.

1.2.4.3 Ammonia as Reagent Gas

The radical cation generated by EI reacts with an ammonia molecule to yield the ammonium
ion and the NH2

• radical:

NH3
•+ + NH3 −→ NH4

+ + NH2
•

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

NH4
+ + NH3 −→ (NH4 + NH3)+

This adduct represents 15 % of the intensity of the ammonium ion at 200 µbar.
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Figure 1.9
Spectrum of an ammonia ionization plasma at
200 µbar.

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:

RNH2 + NH4
+ −→ RNH3

+ + NH3

Polar molecules and those able to form hydrogen bonds while presenting no or little basic
character will form adducts. In intermediate cases, two pseudomolecular ions (M + 1)+ and
(M + 18)+ will be observed. Compounds that do not correspond to the criteria listed 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
spectra measured with various reagent gases will thus be very instructive. For example, the
detection, in the presence of a wealth of saturated hydrocarbons, of a few compounds liable
to be ionized is possible, as shown in Figure 1.10.

1.2.5 Negative Ion 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–molecule reactions between analyte
and ions present in the reagent plasma.

All CI 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
electrons with molecules leads to negative ion production by three different mechanisms [5]:

AB + e− −→ AB•− (associative resonance capture)

AB + e− −→ A• + B− (dissociative resonance capture)

AB + e− −→ A+ + B− + e− (ion pair production)

These electrons can be captured by a molecule. The process can be associative or disso-
ciative. The associative resonance capture that leads to the formation of negative molecular
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Figure 1.9
Spectrum of an ammonia ionization plasma at
200 µbar.

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:

RNH2 + NH4
+ −→ RNH3

+ + NH3

Polar molecules and those able to form hydrogen bonds while presenting no or little basic
character will form adducts. In intermediate cases, two pseudomolecular ions (M + 1)+ and
(M + 18)+ will be observed. Compounds that do not correspond to the criteria listed 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
spectra measured with various reagent gases will thus be very instructive. For example, the
detection, in the presence of a wealth of saturated hydrocarbons, of a few compounds liable
to be ionized is possible, as shown in Figure 1.10.

1.2.5 Negative Ion 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–molecule reactions between analyte
and ions present in the reagent plasma.

All CI 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
electrons with molecules leads to negative ion production by three different mechanisms [5]:

AB + e− −→ AB•− (associative resonance capture)

AB + e− −→ A• + B− (dissociative resonance capture)

AB + e− −→ A+ + B− + e− (ion pair production)

These electrons can be captured by a molecule. The process can be associative or disso-
ciative. The associative resonance capture that leads to the formation of negative molecular
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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.

The mixture, CH4–N2O 75:25, is very useful because of the following reactions involving
low-energy electrons:

N2O + e− −→ N2O•−

N2O•− −→ N2 + O•−

O•− + CH4 −→ CH3
• + OH−

This plasma also contains other ions. The advantage derives from the simultaneous
presence of thermal electrons, allowing the capture of electrons, and of a basic 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 balance for the formation of negative ions appears as in the following
example (PhOH = phenol) [6]:

H+ + OH− −→ H2O !H ◦ = −1634.7 kJ mol−1

PhOh −→ PhO− + H+ !H ◦ = +145 kJ mol−1

PhOH + OH− −→ PhO− + H2O !H ◦ = −178.7 kJ mol−1

The exothermicity of the reaction is the result of the formation of H2O, which is neutral
and carries off the excess energy. The product anion will be ‘cold’.

However, during a positive ionization, the following will occur:

CH5
+ −→ CH4 + H+ !H ◦ = +543.5 kJ mol−1

(C2H5)2S + H+ −→ (C2H5)2SH+ !H ◦ = −856.7 kJ mol−1

CH5
+ + (C2H5)2S −→ (C2H5)2SH+ + CH4 !H ◦ = −313.2 kJ mol−1

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

1.2.6 Desorption Chemical Ionization

Baldwin and McLafferty [7] noticed that introducing a sample directly into the CI plasma on
a glass or a metal support allowed the temperature for the observation of the mass spectrum
to be reduced, sometimes by as much as 150 ◦C. This prevents the 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. The ion formation from these compounds sometimes last for only
a very short time, and the ions of the molecular species are observed for only a few 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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Figure 1.11
DCI spectrum of mannitol, a non-volatile compound, with H2 O as an reagent
gas. Note that water yields radical cation adducts (M + H2 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, pyrolysis followed 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 EI or CI, FI 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 EI and CI 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 8–12 kV 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 107–108 V cm−1,
one of the electrons from the sample molecule is transferred to the emitter by quantum
tunnelling, resulting in the formation of a radical cation M•+. This ion is repelled by the
emitter and flies towards the negative counter-electrode. A hole in the counter-electrode
allows the ion to pass into the mass analyser compartment. In order to achieve the high
electric field necessary for ionization, the emitter 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 MH+ in the FI spectrum.
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Figure 1.11
DCI spectrum of mannitol, a non-volatile compound, with H2 O as an reagent
gas. Note that water yields radical cation adducts (M + H2 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, pyrolysis followed 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 EI or CI, FI 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 EI and CI 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 8–12 kV 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 107–108 V cm−1,
one of the electrons from the sample molecule is transferred to the emitter by quantum
tunnelling, resulting in the formation of a radical cation M•+. This ion is repelled by the
emitter and flies towards the negative counter-electrode. A hole in the counter-electrode
allows the ion to pass into the mass analyser compartment. In order to achieve the high
electric field necessary for ionization, the emitter 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 MH+ in the FI spectrum.

Manitol – MW=182
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Figure 1.12
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 FI process corresponds to a fraction of 1 electronvolt. So,
this ionization source generates ions with an extremely low excess of internal 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 EI and CI processes, FI is one of the softest methods
to produce ions from organic molecules. However, thermal 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, FI has proven to be a method of choice for the analysis of highly complex mixtures
such as fossil fuels. Generally, FI is complementary to EI and CI. It is used when EI and CI
fail to give ions of the molecular species, although it is not 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]. Ion sources with very
low-current primary ion beams are called static sources because they do not damage the

8-12kV
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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 a tightly 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.

These techniques use current beams that are in dynamic SIMS high enough to damage the
surface. But they produce ions from the surface, as in static SIMS, because convection and
diffusion inside the matrix continuously create a fresh layer from the surface for producing
new ions. The energetic particles hit the sample solution, inducing a shock wave which
ejects ions and molecules from the solution. Ions are accelerated 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 5 keV is obtained by ionizing a compound, most often argon,
sometimes xenon. Ions are accelerated 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 a source is shown in Figure 1.13. The reaction may be written
as follows:

Ar•+(rapid) + Ar(slow) −→ Ar•+(slow) + Ar(rapid)

Using a ‘caesium gun’, one produces a beam of Cs+ ions at about 30 keV. 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. Ions up to 10 000 Da and above can be observed, such as peptides and
nucleotides. 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 give rise to transient signals, lasting only a few 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, Ionization 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
molecules is principally due to Beckey [14].

Based on FI, already described, FD has been developed as the first method that combines
desorption and ionization of the analyte. There is no need for evaporation of the analyte prior
to ionization. Consequently, FD is particularly suitable for analysing high-molecular-mass
and/or thermally labile compounds.

In FD, the sample is deposited, through evaporation of a solution also containing a
salt, 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 108 V cm−1. The filament is heated until the sample melts. The ions migrate
and accumulate at the tip of the needles, where they end up being desorbed, carrying along
molecules of the sample. Ionization occurs in the condensed phase or near the surface of the
filament by interaction with the high electric field according to the same mechanism as FI.
FD produces ions 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.



UFR
J

Fast Atom Bombardment - FAB

36

chap01 JWBK172-Hoffmann August 7, 2007 0:6

32 1 ION SOURCES

100

80

60

40

20

700 900 1100 1300

%

100

80

60

40

20

200 400 600 800 m/z

%

×20 ×100

717.5

872.5

912.7

1003.6 1200.8

457 [M+H]+ 872
342

229
30
58
75

101
129
146

214
242
259

311
339
366

442
470
487

565
583
600

670
698
715

841
815
798

770
744
727

657
631
614

560
534
517

429
403
386

316
290
273

201
175
158

Gly-Ala-Leu-Pro-Met-IIe-Asp-Arg

Pro-Met-IIe-Asp

Pro-Met-IIe
342

Pro-Met-IIe-Asp-Arg
614Pro-Met

229

457

201 273

386
442

470

631

727

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
m/z 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
Plasma desorption (PD) was introduced by Mcfarlane and Torgesson [15]. In this ionization
technique, the sample deposited on a small aluminized nylon foil is exposed in the source
to the fission fragments of 252Cf, having an energy of several mega-electronvolts.
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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
m/z 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
Plasma desorption (PD) was introduced by Mcfarlane and Torgesson [15]. In this ionization
technique, the sample deposited on a small aluminized nylon foil is exposed in the source
to the fission fragments of 252Cf, having an energy of several mega-electronvolts.

SIMS = 872

chap01 JWBK172-Hoffmann August 7, 2007 0:6

1.4 FAST ATOM BOMBARDMENT 29

o

o

o

o

74
87

143

199

255
298

298

50

100

R
el

at
iv

e 
ab

un
da

nc
e(

%
)

100 200 300
0

50

100

R
el

at
iv

e 
ab

un
da

nc
e(

%
)

0

m/z

100 200 300m/z

Figure 1.12
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 FI process corresponds to a fraction of 1 electronvolt. So,
this ionization source generates ions with an extremely low excess of internal 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 EI and CI processes, FI is one of the softest methods
to produce ions from organic molecules. However, thermal 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, FI has proven to be a method of choice for the analysis of highly complex mixtures
such as fossil fuels. Generally, FI is complementary to EI and CI. It is used when EI and CI
fail to give ions of the molecular species, although it is not 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]. Ion sources with very
low-current primary ion beams are called static sources because they do not damage the
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The shock waves resulting from a bombardment of a few thousand fragments per second
induce the desorption of neutrals and ions. This technique has allowed the observation of
ions above 10 000 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. Generally,
laser pulses yielding from 106 to 1010 W cm−2 are focused on a sample surface of about
10−3–10−4 cm2, 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.

This technique is used in the study of surfaces and in the analysis of the local composition
of samples, such as inclusions in minerals or 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 development of matrix-assisted laser desorption ionization (MALDI) [17, 18].

1.8 Matrix-Assisted Laser Desorption Ionization
This was introduced in 1988 principally by Karas and Hillenkamp [19–21]. It has since
become a widespread and powerful source for the production of intact gas-phase ions
from a broad range of large, non-volatile and thermally labile compounds such as proteins,
oligonucleotides, synthetic polymers and large inorganic compounds. The use of a MALDI
matrix, which provides for both desorption and ionization, is the crucial factor for the
success of this ionization method. The method is characterized by easy sample preparation
and has a large tolerance to contaminantion by salts, buffers, detergents, and so on [22,23].

1.8.1 Principles of MALDI

MALDI is achieved in two steps. In the first step, the compound to be analysed is dissolved in
a solvent containing in solution small organic molecules, called the matrix. These molecules
must have a strong absorption at the laser wavelength. This mixture is dried 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 another.

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
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Figure 1.17
Diagram of an AP-MALDI source. Ions 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 is an 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, 2–3 kV) 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 is relatively inefficient, the total sample consumption is higher for AP-MALDI
than for vacuum MALDI. However, sensitivity of this ion source is not decreased because
the sample consumption for MALDI is much lower than the amount required for analysis.
Indeed, a large fraction of the sample is not used during data acquisition.

The mechanism of AP-MALDI ion production is similar 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. Ions 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 the ions in the
source. For instance, increasing the laser energy or some API 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
a vacuum 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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The shock waves resulting from a bombardment of a few thousand fragments per second
induce the desorption of neutrals and ions. This technique has allowed the observation of
ions above 10 000 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. Generally,
laser pulses yielding from 106 to 1010 W cm−2 are focused on a sample surface of about
10−3–10−4 cm2, 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.

This technique is used in the study of surfaces and in the analysis of the local composition
of samples, such as inclusions in minerals or 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 development of matrix-assisted laser desorption ionization (MALDI) [17, 18].

1.8 Matrix-Assisted Laser Desorption Ionization
This was introduced in 1988 principally by Karas and Hillenkamp [19–21]. It has since
become a widespread and powerful source for the production of intact gas-phase ions
from a broad range of large, non-volatile and thermally labile compounds such as proteins,
oligonucleotides, synthetic polymers and large inorganic compounds. The use of a MALDI
matrix, which provides for both desorption and ionization, is the crucial factor for the
success of this ionization method. The method is characterized by easy sample preparation
and has a large tolerance to contaminantion by salts, buffers, detergents, and so on [22,23].

1.8.1 Principles of MALDI

MALDI is achieved in two steps. In the first step, the compound to be analysed is dissolved in
a solvent containing in solution small organic molecules, called the matrix. These molecules
must have a strong absorption at the laser wavelength. This mixture is dried 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 another.

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
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Table 1.1 Some common lasers used for MALDI.

Laser Wavelength Energy (eV) Pulse width

Nitrogen 337 nm 3.68 <1 ns to a few ns
Nd:YAG µ3 355 nm 3.49 5 ns
Nd:YAG µ4 266 nm 4.66 5 ns
Er:YAG 2.94 µm 0.42 85 ns
CO2 10.6 µm 0.12 100 ns + 1 µs tail

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 also been coupled to other mass analysers, such as ion trap or Fourier transform
mass spectrometers. These instruments allow MS/MS analysis to 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. N2 lasers (λ = 337 nm) are considered as the standard,
though Nd:YAG lasers (λ = 266 or 355 nm) are also used. MALDI can also use IR lasers like
Er:YAG lasers (λ= 2.94 µm) or CO2 lasers (λ = 10.6 µm). A summary of laser wavelengths
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 mJ cm−2. The pulse widths of lasers vary from
a few tens of nanoseconds to a few hundred microseconds. The laser spot diameter at the
surface of the sample varies from 5 to 200 µm. 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 spectra obtained with UV or IR lasers are essentially identical for most analysed
samples. There are only very small differences. Indeed, when an IR laser is used, only less
fragmentation is observed, indicating that the IR-MALDI is somewhat cooler. On the other
hand, IR-MALDI induces a larger depth of vaporization per shot that leads to 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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The shock waves resulting from a bombardment of a few thousand fragments per second
induce the desorption of neutrals and ions. This technique has allowed the observation of
ions above 10 000 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. Generally,
laser pulses yielding from 106 to 1010 W cm−2 are focused on a sample surface of about
10−3–10−4 cm2, 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.

This technique is used in the study of surfaces and in the analysis of the local composition
of samples, such as inclusions in minerals or 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 development of matrix-assisted laser desorption ionization (MALDI) [17, 18].

1.8 Matrix-Assisted Laser Desorption Ionization
This was introduced in 1988 principally by Karas and Hillenkamp [19–21]. It has since
become a widespread and powerful source for the production of intact gas-phase ions
from a broad range of large, non-volatile and thermally labile compounds such as proteins,
oligonucleotides, synthetic polymers and large inorganic compounds. The use of a MALDI
matrix, which provides for both desorption and ionization, is the crucial factor for the
success of this ionization method. The method is characterized by easy sample preparation
and has a large tolerance to contaminantion by salts, buffers, detergents, and so on [22,23].

1.8.1 Principles of MALDI

MALDI is achieved in two steps. In the first step, the compound to be analysed is dissolved in
a solvent containing in solution small organic molecules, called the matrix. These molecules
must have a strong absorption at the laser wavelength. This mixture is dried 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 another.

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
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Figure 1.16
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 cations to the sample. As MALDI spectra are simple, complex mixtures can be easily
analysed. Figure 1.16 shows the MALDI spectrum of a monoclonal antibody [32] of about
150 kDa. This figure also presents the MALDI spectrum of a synthetic polymer correspond-
ing to polymethyl methacrylate (PMMA 7100) with an average mass of about 7100 Da.

The use of MALDI to image biological materials is another interesting application
[33, 34]. Indeed, as with 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 produces ions in bundles by an intermittent process. The
pulsed nature of the MALDI source is well 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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Figure 1.16
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 cations to the sample. As MALDI spectra are simple, complex mixtures can be easily
analysed. Figure 1.16 shows the MALDI spectrum of a monoclonal antibody [32] of about
150 kDa. This figure also presents the MALDI spectrum of a synthetic polymer correspond-
ing to polymethyl methacrylate (PMMA 7100) with an average mass of about 7100 Da.

The use of MALDI to image biological materials is another interesting application
[33, 34]. Indeed, as with 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 produces ions in bundles by an intermittent process. The
pulsed nature of the MALDI source is well 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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The shock waves resulting from a bombardment of a few thousand fragments per second
induce the desorption of neutrals and ions. This technique has allowed the observation of
ions above 10 000 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. Generally,
laser pulses yielding from 106 to 1010 W cm−2 are focused on a sample surface of about
10−3–10−4 cm2, 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.

This technique is used in the study of surfaces and in the analysis of the local composition
of samples, such as inclusions in minerals or 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 development of matrix-assisted laser desorption ionization (MALDI) [17, 18].

1.8 Matrix-Assisted Laser Desorption Ionization
This was introduced in 1988 principally by Karas and Hillenkamp [19–21]. It has since
become a widespread and powerful source for the production of intact gas-phase ions
from a broad range of large, non-volatile and thermally labile compounds such as proteins,
oligonucleotides, synthetic polymers and large inorganic compounds. The use of a MALDI
matrix, which provides for both desorption and ionization, is the crucial factor for the
success of this ionization method. The method is characterized by easy sample preparation
and has a large tolerance to contaminantion by salts, buffers, detergents, and so on [22,23].

1.8.1 Principles of MALDI

MALDI is achieved in two steps. In the first step, the compound to be analysed is dissolved in
a solvent containing in solution small organic molecules, called the matrix. These molecules
must have a strong absorption at the laser wavelength. This mixture is dried 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 another.

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
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The shock waves resulting from a bombardment of a few thousand fragments per second
induce the desorption of neutrals and ions. This technique has allowed the observation of
ions above 10 000 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. Generally,
laser pulses yielding from 106 to 1010 W cm−2 are focused on a sample surface of about
10−3–10−4 cm2, 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.

This technique is used in the study of surfaces and in the analysis of the local composition
of samples, such as inclusions in minerals or 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 development of matrix-assisted laser desorption ionization (MALDI) [17, 18].

1.8 Matrix-Assisted Laser Desorption Ionization
This was introduced in 1988 principally by Karas and Hillenkamp [19–21]. It has since
become a widespread and powerful source for the production of intact gas-phase ions
from a broad range of large, non-volatile and thermally labile compounds such as proteins,
oligonucleotides, synthetic polymers and large inorganic compounds. The use of a MALDI
matrix, which provides for both desorption and ionization, is the crucial factor for the
success of this ionization method. The method is characterized by easy sample preparation
and has a large tolerance to contaminantion by salts, buffers, detergents, and so on [22,23].

1.8.1 Principles of MALDI

MALDI is achieved in two steps. In the first step, the compound to be analysed is dissolved in
a solvent containing in solution small organic molecules, called the matrix. These molecules
must have a strong absorption at the laser wavelength. This mixture is dried 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 another.

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
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Table 1.2 Some common UV-MALDI matrices.

Analyte Matrix Abbreviation

Peptides/proteins α-Cyano-4-hydroxycinnamic acid CHCA
2,5-Dihydroxybenzoic acid (gentisic) DHB
3,5-Dimethoxy-4-hydroxycinnamic acid (sinapic) SA

Oligonucleotides Trihydroxyacetophenone THAP
3-Hydroxypicolinic acid HPA

Carbohydrates 2,5-Dihydroxybenzoic acid DHB
α-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-Butylphenyl)-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 as a MALDI 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 µl) with a smaller volume (1–2 µl)
of an analyte solution. Then, a droplet (0.5–2 µl) 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 a few 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 the signal. This is very important if precise quantitative results must be obtained. A given
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atmospheric pressure sources, such as electrospray ionization (see later). As a result of the
almost complete decoupling of the ion desorption from the mass analyser, the performance
of the instrument (calibration, resolution and mass accuracy) is not affected by source
conditions (type of sample matrix, sample preparation method and location of the laser spot
on the sample). This allows much greater experimental flexibility. It is possible, 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 allows 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,
is shown in 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 allowing 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 accelerated towards the analyser by a repeller and by a lens focusing system.
They are desorbed from the droplets 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

Pumping
c

Temperature sensor
of the aerosol

d

a

+ve
Repeller

Heater
b

Temperature sensor
of the eluting flow 

LC flow
1 or 2 ml min−1

e

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 a thermocouple 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, already described earlier, electrospray (ESI), atmospheric pressure
chemical ionization (APCI), atmospheric pressure photoionization ionization (APPI), DESI
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 ions into
the high vacuum of the mass analyser. The problem lies in coupling an atmospheric pressure
source compartment with an analyser compartment that must be kept at a very low pressure
or at a very high vacuum (10−5 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 several
differential stages of high-capacity pumps. Ions 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-
partments to inject ions effectively into the orifices. The scheme of an atmospheric pressure
interface is illustrated 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 desolvation is
also improved by accelerating the ions in a region of the interface where the pressure is in
the millibar range. The acceleration is obtained by applying a voltage between the different

1th stage

Source

1 Atm 1Torr

Pump Pump Pump

Gas + Ions

2nd stage

Focalization Analyser

Ions

<10−3 Torr <10−5Torr

3rd Vacuum stage

Figure 1.19
Scheme of an atmospheric interface with differential
pumping system using three stages.
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Figure 1.20
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 106 V m−1 (Figure 1.20). This field induces a charge accumulation at the liquid
surface located at the end of the capillary, which will break to form highly charged droplets.
A gas injected coaxially at a low 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 4 kV for water (surface ten-
sion 0.073 N m−2), 2.2 kV is estimated for methanol (0.023 N m−2), 2.5 kV for acetonitrile
(0.030 N m−2) and 3 kV for dimethylsulfoxide (0.043 N m−2) [65]. If one examines with a
microscope the nascent drop forming at the tip of the capillary while increasing 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 changes to 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 before the limit
given by the Rayleigh equation is reached because the droplets 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.

Rayleigh: q2 = 8π2 ε0γ D3

Figure 1.22
A decomposing droplet in an electrospray source, ac-
cording to [66]; q, charge; ε0 , permittivity of the envi-
ronment; γ, 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
a first-generation droplet from the capillary will have a diameter of about 1.5 µm and will
carry around 50 000 elementary charges, or about 10−14 C. The offspring droplets will have
a diameter of 0.1 µm and will carry 300 to 400 elementary charges. The total volume of
the offspring droplets is 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 droplets will 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
compounds are 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 seems to occur when the molecular weight of the
compounds exceeds 5000 to 10 000 Da.

The ions obtained from large molecules carry a greater number of charges if several
ionizable sites are present. Typically, a protein will carry one charge per thousand daltons
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Test Yourself A compound with a parent ion at m/z 117 has a peak at m/z 118 with a
relative intensity of 9.3%. Is there an odd or even number of N atoms? How many carbons
are in the formula? (Answer: odd, 8C. It cannot be 9C because mass of C9N is 122 Da,
which is !117 Da.)

50921-2 Oh, Mass Spectrum, Speak to Me!

Ions containing Cl or Br have distinctive isotopic peaks shown in Figure 21-7.16 In the
mass spectrum of 1-bromobutane in Figure 21-8, two nearly equal peaks at m/z 136 and 138
are a strong indication that the molecular ion contains one Br atom. The fragment at m/z 107
has a nearly equal partner at m/z 109, strongly suggesting that this fragment ion contains Br.
Box 21-3 describes other information available from isotope ratios.
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FIGURE 21-7 Calculated isotopic patterns for species containing Cl and Br.

FIGURE 21-8 Electron ionization mass
spectrum (70 eV) of 1-bromobutane. [From 
A. Illies, P. B. Shevlin, G. Childers, M. Peschke, and
J. Tsai, “Mass Spectrometry for Large Undergraduate
Laboratory Sections,” J. Chem. Ed. 1995, 72, 717.
Referee from Maddy Harris.]

Isotope Ratio Mass SpectrometryBOX 21-3

The opening of Chapter 23 describes the analysis of cholesterol from
ancient human bones by isotope ratio mass spectrometry.13 A compound
eluted from a gas chromatography column is passed through a combus-
tion furnace loaded with a metal catalyst (such as CuO/Pt at 820"C) to
oxidize organic compounds to CO2. The H2O combustion by-product is
removed by passage through a Nafion fluorocarbon tube (page 384).
Water diffuses through the membrane, but other combustion products
are retained. CO2 then enters a mass spectrometer that monitors m/z 44
(12CO2) and 45 (13CO2). One detector is dedicated to each ion.

Natural carbon is composed of 98.9% 12C and 1.1% 13C. The
chart shows consistent, small variations in 13C from natural sources.

The standard used to measure carbon isotope ratios is calcium
carbonate from the Pee Dee belemnite (fossil shell) formation in South
Carolina (designated PDB) with a ratio RPDB # 13C/12C # 0.011 2372.
(The composition is accurate to four significant figures, but small
differences are precise to six significant figures.) The $13C scale
expresses small variations in isotopic compositions:

$13C of natural materials provides information about their biological
and geographic origins.14,15

$13C (parts per thousand, %) # 1 000 aRsample % RPDB

RPDB
b

1.067 5 1.078 8 1.090 0 1.101 2 1.112 5 1.123 7 1.135 0

−50 −40 −30 −20 −10 0 +10

13C atom%

δ13C versus PDB in parts per thousand

Methane
(atmospheric) Carbon dioxide in human breath

Mainland Europe      USA

Carbon dioxide
(atmospheric) PDB

C3 plants
(such as sugar beet)

C4 plants
(such as sugar cane)

CAM plants Carbonates
(marine)

Carbonates
(terrestrial)

Petroleum
(marine source rock)

Fossil fuels
Variation in 13C from natural sources. C3, C4,
and CAM are types of plants with distinct
metabolic pathways leading to different 13C
incorporation. [Adapted from W. Meier-Augenstein,
LCGC 1997, 15, 244.]
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Test Yourself A compound with a parent ion at m/z 117 has a peak at m/z 118 with a
relative intensity of 9.3%. Is there an odd or even number of N atoms? How many carbons
are in the formula? (Answer: odd, 8C. It cannot be 9C because mass of C9N is 122 Da,
which is !117 Da.)

50921-2 Oh, Mass Spectrum, Speak to Me!

Ions containing Cl or Br have distinctive isotopic peaks shown in Figure 21-7.16 In the
mass spectrum of 1-bromobutane in Figure 21-8, two nearly equal peaks at m/z 136 and 138
are a strong indication that the molecular ion contains one Br atom. The fragment at m/z 107
has a nearly equal partner at m/z 109, strongly suggesting that this fragment ion contains Br.
Box 21-3 describes other information available from isotope ratios.
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FIGURE 21-8 Electron ionization mass
spectrum (70 eV) of 1-bromobutane. [From 
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Laboratory Sections,” J. Chem. Ed. 1995, 72, 717.
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Isotope Ratio Mass SpectrometryBOX 21-3

The opening of Chapter 23 describes the analysis of cholesterol from
ancient human bones by isotope ratio mass spectrometry.13 A compound
eluted from a gas chromatography column is passed through a combus-
tion furnace loaded with a metal catalyst (such as CuO/Pt at 820"C) to
oxidize organic compounds to CO2. The H2O combustion by-product is
removed by passage through a Nafion fluorocarbon tube (page 384).
Water diffuses through the membrane, but other combustion products
are retained. CO2 then enters a mass spectrometer that monitors m/z 44
(12CO2) and 45 (13CO2). One detector is dedicated to each ion.

Natural carbon is composed of 98.9% 12C and 1.1% 13C. The
chart shows consistent, small variations in 13C from natural sources.

The standard used to measure carbon isotope ratios is calcium
carbonate from the Pee Dee belemnite (fossil shell) formation in South
Carolina (designated PDB) with a ratio RPDB # 13C/12C # 0.011 2372.
(The composition is accurate to four significant figures, but small
differences are precise to six significant figures.) The $13C scale
expresses small variations in isotopic compositions:

$13C of natural materials provides information about their biological
and geographic origins.14,15
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Test Yourself A compound with a parent ion at m/z 117 has a peak at m/z 118 with a
relative intensity of 9.3%. Is there an odd or even number of N atoms? How many carbons
are in the formula? (Answer: odd, 8C. It cannot be 9C because mass of C9N is 122 Da,
which is !117 Da.)

50921-2 Oh, Mass Spectrum, Speak to Me!

Ions containing Cl or Br have distinctive isotopic peaks shown in Figure 21-7.16 In the
mass spectrum of 1-bromobutane in Figure 21-8, two nearly equal peaks at m/z 136 and 138
are a strong indication that the molecular ion contains one Br atom. The fragment at m/z 107
has a nearly equal partner at m/z 109, strongly suggesting that this fragment ion contains Br.
Box 21-3 describes other information available from isotope ratios.
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FIGURE 21-7 Calculated isotopic patterns for species containing Cl and Br.

FIGURE 21-8 Electron ionization mass
spectrum (70 eV) of 1-bromobutane. [From 
A. Illies, P. B. Shevlin, G. Childers, M. Peschke, and
J. Tsai, “Mass Spectrometry for Large Undergraduate
Laboratory Sections,” J. Chem. Ed. 1995, 72, 717.
Referee from Maddy Harris.]

Isotope Ratio Mass SpectrometryBOX 21-3

The opening of Chapter 23 describes the analysis of cholesterol from
ancient human bones by isotope ratio mass spectrometry.13 A compound
eluted from a gas chromatography column is passed through a combus-
tion furnace loaded with a metal catalyst (such as CuO/Pt at 820"C) to
oxidize organic compounds to CO2. The H2O combustion by-product is
removed by passage through a Nafion fluorocarbon tube (page 384).
Water diffuses through the membrane, but other combustion products
are retained. CO2 then enters a mass spectrometer that monitors m/z 44
(12CO2) and 45 (13CO2). One detector is dedicated to each ion.

Natural carbon is composed of 98.9% 12C and 1.1% 13C. The
chart shows consistent, small variations in 13C from natural sources.

The standard used to measure carbon isotope ratios is calcium
carbonate from the Pee Dee belemnite (fossil shell) formation in South
Carolina (designated PDB) with a ratio RPDB # 13C/12C # 0.011 2372.
(The composition is accurate to four significant figures, but small
differences are precise to six significant figures.) The $13C scale
expresses small variations in isotopic compositions:

$13C of natural materials provides information about their biological
and geographic origins.14,15

$13C (parts per thousand, %) # 1 000 aRsample % RPDB

RPDB
b

1.067 5 1.078 8 1.090 0 1.101 2 1.112 5 1.123 7 1.135 0

−50 −40 −30 −20 −10 0 +10

13C atom%

δ13C versus PDB in parts per thousand

Methane
(atmospheric) Carbon dioxide in human breath

Mainland Europe      USA

Carbon dioxide
(atmospheric) PDB

C3 plants
(such as sugar beet)

C4 plants
(such as sugar cane)

CAM plants Carbonates
(marine)

Carbonates
(terrestrial)

Petroleum
(marine source rock)

Fossil fuels
Variation in 13C from natural sources. C3, C4,
and CAM are types of plants with distinct
metabolic pathways leading to different 13C
incorporation. [Adapted from W. Meier-Augenstein,
LCGC 1997, 15, 244.]
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Ions are created from the neutral molecule with a small spread of kinetic energies and are
accelerated to different extents, depending on where in the ion source they were formed.

The resolving power of a mass spectrometer is limited by the variation in kinetic energy
of ions emerging from the source, which is typically !0.1%. This variation limits the resolv-
ing power to !1 000, corresponding to a resolution of 0.1 at m/z 100. In a double-focusing
mass spectrometer, ions ejected from the source pass through an electric sector as well as a
magnetic sector (Figure 21-12). With both sectors in series, it is possible to achieve a resolving
power of !105, corresponding to a resolution of 0.001 at m/z 100.

Transmission Quadrupole Mass Spectrometer
Magnetic sector and double-focusing mass spectrometers are not detectors of choice for chro-
matography. Figure 21-13 shows a transmission quadrupole mass spectrometer19 connected
to an open tubular gas chromatography column to record multiple spectra from each component
as it is eluted. Species exiting the chromatography column pass through a heated connector into
the electron ionization chamber, which is pumped to maintain a pressure of !10!4 Pa (!10!9

bar, !10!6 Torr), using a high-speed turbomolecular or oil diffusion pump. Ions are acceler-
ated through a potential of 5–15 V before entering the quadrupole filter.

The quadrupole is a common mass separator because of its low cost. It consists of four
parallel metal rods to which are applied both a constant voltage and a radio-frequency
oscillating voltage. The electric field deflects ions in complex trajectories as they migrate
from the ionization chamber toward the detector, allowing only ions with one particular mass-
to-charge ratio to reach the detector. Other ions (nonresonant ions) collide with the rods and
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FIGURE 21-12 Electric sector of a double-focusing mass spectrometer. Positive ions are attracted
toward the negative plate. Trajectories of high-energy ions are changed less than trajectories of low-
energy ions. Ions reaching the exit slit have a narrow range of kinetic energies.

FIGURE 21-13 Quadrupole mass spectrometer. Ideally, the rods should have a hyperbolic cross
section on the surfaces that face one another.
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Ions are created from the neutral molecule with a small spread of kinetic energies and are
accelerated to different extents, depending on where in the ion source they were formed.

The resolving power of a mass spectrometer is limited by the variation in kinetic energy
of ions emerging from the source, which is typically !0.1%. This variation limits the resolv-
ing power to !1 000, corresponding to a resolution of 0.1 at m/z 100. In a double-focusing
mass spectrometer, ions ejected from the source pass through an electric sector as well as a
magnetic sector (Figure 21-12). With both sectors in series, it is possible to achieve a resolving
power of !105, corresponding to a resolution of 0.001 at m/z 100.

Transmission Quadrupole Mass Spectrometer
Magnetic sector and double-focusing mass spectrometers are not detectors of choice for chro-
matography. Figure 21-13 shows a transmission quadrupole mass spectrometer19 connected
to an open tubular gas chromatography column to record multiple spectra from each component
as it is eluted. Species exiting the chromatography column pass through a heated connector into
the electron ionization chamber, which is pumped to maintain a pressure of !10!4 Pa (!10!9

bar, !10!6 Torr), using a high-speed turbomolecular or oil diffusion pump. Ions are acceler-
ated through a potential of 5–15 V before entering the quadrupole filter.

The quadrupole is a common mass separator because of its low cost. It consists of four
parallel metal rods to which are applied both a constant voltage and a radio-frequency
oscillating voltage. The electric field deflects ions in complex trajectories as they migrate
from the ionization chamber toward the detector, allowing only ions with one particular mass-
to-charge ratio to reach the detector. Other ions (nonresonant ions) collide with the rods and
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are lost before they reach the detector. Rapidly varying voltages select ions of different masses
to reach the detector. Transmission quadrupoles can record 2–8 spectra per second, covering
a range as high as 4 000 m/z units. They typically can resolve peaks separated by m/z 0.3.

Magnetic sector and double-focusing instruments, as well as time-of-flight instruments
described next, operate at constant resolving power, which means that the separation between
peaks decreases as m/z increases. Transmission quadrupoles (and other quadrupole instruments
described later) operate at constant resolution. That is, ions of m/z 100 and 101 are separated
to the same extent as ions of m/z 500 and 501.

In place of the discrete-dynode detector in Figure 21-2, we show a high-energy dynode and
a continuous-dynode electron multiplier detector in Figure 21-13. A high-energy dynode is used
with quadrupole mass separators and ion traps (described below) to ensure that all ions produce
a similar electrical response at the detector; otherwise, the mass spectrum may exhibit mass dis-
crimination in which ions of different m/z produce different responses. Cations emerging from
the quadrupole mass analyzer are attracted to the high-energy dynode held at !10 kV. Each
cation striking the dynode liberates electrons, which are accelerated toward the mouth of the
continuous-dynode electron multiplier. The electrically resistive lead-doped glass wall of the
horn-shaped electron multiplier is at !2 kV at the mouth and at ground potential at the narrow
end (Figure 21-14). An electron striking the wall of the electron multiplier liberates several elec-
trons, which are accelerated toward more positive potential deeper into the horn. After many
rebounds, each incident electron is multiplied to !105 electrons at the narrow end of the horn.

Time-of-Flight Mass Spectrometer
The principle of the time-of-flight mass spectrometer is shown in Figure 21-15.20 The ion
source is at the upper left. About 3 000 to 20 000 times per second, a voltage of 5 000 V is
applied to the backplate to accelerate ions toward the right and expel them from the ion source
into the drift region, where there is no electric or magnetic field and no further acceleration.
Ideally, all ions have the same kinetic energy, which is where m is the mass of the ion
and v is its velocity. If ions have the same kinetic energy, but different masses, the lighter
ones travel faster than the heavier ones. In its simplest incarnation, the time-of-flight mass
spectrometer is just a long, straight, evacuated tube with the source at one end and the detector
at the other end. Ions expelled from the source drift to the detector in order of increasing mass,
because the lighter ones travel faster.

The instrument in Figure 21-15 is designed for improved resolving power. The main lim-
itation on resolving power is that all ions do not emerge from the source with the same kinetic
energy. An ion formed close to the backplate is accelerated through a higher voltage differ-
ence than one formed near the grid, so the ion near the backplate gains more kinetic energy.
Also, there is some distribution of kinetic energies among the ions, even in the absence of the
accelerating voltage. Heavier ions with more-than-average kinetic energy reach the detector
at the same time as lighter ions with less-than-average energy.

1
2 mv2,
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FIGURE 21-14 Continuous-dynode electron
multiplier, also known as a Channeltron®. For
each incident electron, !105 electrons are
detected at the far end of the horn. [Adapted
from J. T. Watson and O. D. Sparkman, Introduction to
Mass Spectrometry, 4th ed. (Chichester: Wiley, 2007).]

FIGURE 21-15 Time-of-flight mass
spectrometer. Positive ions are accelerated out
of the source by voltage !V periodically applied
to the backplate. Light ions travel faster and
reach the detector sooner than heavier ions.

Ideally, the kinetic energy of an ion expelled
from the source is zeV, where ze is the charge
of the ion and V is the voltage on the
backplate.
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Interpreting Fragmentation Patterns
Consider how the 2-hexanone molecular ion can break apart to give the many peaks in Figure
21-10. Reactions A and B in Figure 21-11 show M!! derived from loss of a nonbonding elec-
tron from oxygen, which has the lowest ionization energy. In Reaction A, the C—C bond
adjacent to splits so that one electron goes to each C atom. The products are a neutral
butyl radical (!C4H9) and . Only the ion is detected by the mass spectrometer,
giving the base peak at m/z 43. Cleavage of the bond in Reaction B gives an ion with
m/z 85, corresponding to loss of from the molecular ion. Two other major peaks in the
spectrum arise from bond cleavage to give CH3CH!

2 (m/z 29) and !CH2CH2COCH3

(m/z 71). The nitrogen rule told us that molecules containing only C, H, halogens, O, S,
Si, P, and an even number of N atoms (such as 0) have an even mass. A fragment of a neutral
molecule that is missing an H atom must have an odd mass.

We have yet to account for the second-tallest peak at m/z 58, which is special because it
has an even mass. The molecular ion has an even mass (100 Da). Radical fragments, such as

, have an odd mass. All of the fragments discussed so far have an odd mass. The peak
at m/z 58 results from the loss of a neutral molecule with an even mass of 42 Da.

Reaction D in Figure 21-11 shows a common rearrangement that leads to loss of a neu-
tral molecule with even mass. In ketones with an H atom on the " carbon atom, the H atom
can be transferred to O!. Concomitantly, the bond cleaves and a neutral molecule of
propene (CH3CH CH2, 42 Da) is lost. The resulting ion has a mass of 58 Da.

The spectra in Figure 21-10 allow us to distinguish one isomer of C6H12O from the other.
The main difference between the spectra is a peak at m/z 71 for 2-hexanone that is absent in
4-methyl-2-pentanone. The peak at m/z 71 results from loss of ethyl radical, , from .
Ethyl radical is derived from carbon atoms 5 and 6 of 2-hexanone. There is no simple way for
an ethyl radical to cleave from 4-methyl-2-pentanone. The diagram in the margin shows how
peaks at m/z 15, 85, 43, and 57 can arise from breaking bonds in 4-methyl-2-pentanone. A
rearrangement like that at the bottom of Figure 21-11 accounts for m/z 58.

Other major peaks in Figure 21-10 might be (m/z 42), C3H!
5 (m/z 41),

C3H!
3 (m/z 39), C2H!

5 or HC O! (m/z 29), and C2H!
3 (m/z 27). Small fragments are common

in many spectra and not very useful for structure determination.
Interpretation of mass spectra to elucidate molecular structure is an important field.18

Fragmentation patterns can even unravel the structures of large biological molecules.

Types of Mass Spectrometers
Figure 21-2 shows a magnetic sector mass spectrometer in which ions with different mass,
but constant kinetic energy, are separated by their trajectories in a magnetic field. The kinetic
energy is imparted to the ions by the voltage between the acceleration plates in the ion source.
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FIGURE 21-11 Four possible fragmentation
pathways for the molecular ion of 2-hexanone.

is transfer of one electron
is transfer of two electrons"

"

Types of bond breaking:
• Homolytic cleavage: 1 electron remains

with each fragment
• Heterolytic cleavage: Both electrons stay

with one fragment
In general, the most intense peaks correspond
to the most stable fragments.

Bond cleavages of 4-methyl-2-pentanone
leading to m/z 15, 85, 43, and 57:

O
5757

8543
15

43

Challenge Draw a rearrangement like
Reaction D in Figure 21-11 to show how 
m/z 58 arises.
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