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This tutorial presents the most common ion activation techniques employed in tandem mass spectrometry.
In-source fragmentation and metastable ion decompositions, as well as the general theory of unimolecular
dissociations of ions, are initially discussed. This is followed by tandem mass spectrometry, which
implies that the activation of ions is distinct from the ionization step, and that the precursor and product
ions are both characterized independently by their mass/charge ratios. In collision-induced dissociation
(CID), activation of the selected ions occurs by collision(s) with neutral gas molecules in a collision
cell. This experiment can be done at high (keV) collision energies, using tandem sector and time-of-
flight instruments, or at low (eV range) energies, in tandem quadrupole and ion trapping instruments.
It can be performed using either single or multiple collisions with a selected gas and each of these
factors influences the distribution of internal energy that the activated ion will possess. While CID
remains the most common ion activation technique employed in analytical laboratories today, several new
methods have become increasingly useful for specific applications. More recent techniques are examined
and their differences, advantages and disadvantages are described in comparison with CID. Collisional
activation upon impact of precursor ions on solid surfaces, surface-induced dissociation (SID), is gaining
importance as an alternative to gas targets and has been implemented in several different types of mass
spectrometers. Furthermore, unique fragmentation mechanisms of multiply-charged species can be studied
by electron-capture dissociation (ECD). The ECD technique has been recognized as an efficient means to
study non-covalent interactions and to gain sequence information in proteomics applications. Trapping
instruments, such as quadrupole ion traps and Fourier transform ion cyclotron resonance instruments,
are particularly useful for the photoactivation of ions, specifically for fragmentation of precursor ions
by infrared multiphoton dissociation (IRMPD). IRMPD is a non-selective activation method and usually
yields rich fragmentation spectra. Lastly, blackbody infrared radiative dissociation is presented with
a focus on determining activation energies and other important parameters for the characterization of
fragmentation pathways. The individual methods are presented so as to facilitate the understanding of
each mechanism of activation and their particular advantages and representative applications. Copyright
 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

The field of mass spectrometry, over the past half century, has
evolved into an essential technique with numerous chemical
and biological applications. In simple terms, it comprises the
study of ionized molecules and their reactions in the gas
phase within a mass spectrometer. Early mass spectrome-
ters were capable of only one stage of mass analysis and
structure elucidation relied on dissociation of the molecular
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ion in the course of its formation and within the confines
of the ion source. These instruments were very useful, but
only for a limited range of molecules, viz. low molecu-
lar mass, volatile compounds. Soft ionization techniques,
such as fast atom bombardment (FAB),1 electrospray ioniza-
tion (ESI),2,3 and matrix-assisted laser desorption/ionization
(MALDI),4 subsequently extended the range of application
of mass spectrometry to polar, thermally labile compounds.
Unfortunately, these ionization techniques primarily yield
protonated or deprotonated species with little or no frag-
mentation occurring in the source, therefore limiting the
structural information available in a single-stage mass spec-
trum. As a consequence, tandem mass spectrometry has
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emerged as an essential technique for the structural analysis
of a wide range of biologically relevant compounds, such
as pharmaceutical drugs, peptides and proteins, and nucleic
acids. Tandem mass spectrometry involves the activation of a
known precursor ion formed in the ion source and the mass
analysis of its fragmentation products. The ion activation
step is crucial to the experiment and ultimately defines what
types of products result. Several ion activation techniques
have been developed. Early experiments mainly studied
metastable ion decompositions. Next, collision-induced dis-
sociation (CID) was introduced and is still employed in most
tandem mass spectrometry applications today. Several rel-
atively new techniques have been designed to complement
conventional CID spectra. A detailed description of each of
these activation methods is presented in this tutorial.

Starting with a brief introduction to unimolecular dis-
sociations occurring in the high-vacuum conditions of a
mass spectrometer, a fundamental discussion on metastable
decompositions is provided together with a description of
how they are utilized in sector and time-of-flight (TOF)
instruments. This is followed by a description of CID in
several other types of mass spectrometers. Electron capture
dissociation (ECD), along with its specific uses and advan-
tages, is then introduced. Finally, infrared excitation tech-
niques such as infrared multiphoton dissociation (IRMPD)
and blackbody infrared radiative dissociation (BIRD) are dis-
cussed. Several of these activation techniques can provide
complementary information on ion fragmentation in a mass
spectrometer and looking at the individual activation mech-
anisms helps the reader understand what each method can
offer. Table 1 briefly describes the ion activation methods,
their relevant collision energies and the instruments in which
these experiments are most commonly performed.

UNIMOLECULAR DISSOCIATION

Before we discuss the specifics of each ion activation
technique, we must first introduce the basic theories used

to describe the behavior of an ionized molecule under
the conditions of a mass spectrometer, after it has been
activated. In conventional EI instruments, all processes occur
in high vacuum (at pressures that are typically 10�5 Torr
and may be as low as 10�9 Torr �1 Torr D 133.3 Pa�),
virtually eliminating the possibility of collisions between
ions and neutral molecules. First, an electron beam ionizes
the molecule generating a radical ion. An accelerating voltage
(Vacc) is applied and the electric field directs the resulting
ions towards the mass analyzer. All ions receive the same
amount of kinetic energy (Ek) per charge such that the ion
kinetic energy Ek D 1

2 mv2 D zVacc, where m is the mass
of the ionized molecule, v is the velocity of the ion and z
is its charge. A 70 eV electron beam is usually used in the
initial ionization step. Interaction between the molecule and
the electron beam most often imparts excess energy above
the ionization threshold of the molecule. The distribution
of internal energies of the population of molecular ions,
P(E), is a key parameter; however it is rarely definable. In
the collision-free environment there is no exchange of energy
between the activated ions and hence no thermal equilibrium.
Moreover, the very short ionization step promoting the
molecule to an excited electronic state is followed by internal
energy redistribution into different vibrational modes. The
resulting ion, even if excited above the dissociation limit,
may or may not undergo fragmentation. Within a short
time-scale compared with the time spent in the source
(10�6 s), the ion equilibrates its internal energy over all
available quantum states, thus favoring internal conversion
into ground electronic, vibrationally excited state species.
Energy relaxation does not occur on the time-scale of
most mass spectrometers; instead radiationless transitions
occur, and the total energy of each (isolated) molecular
ion stays constant.5 The resulting EI spectra are highly
reproducible from one instrument to another, and therefore
can be used to build databases of mass spectra for molecular
identification.

Table 1. General description of different ion activation processes presented

Method Energy Range Instruments Description

PSD Low RETOF Metastable or collision-induced dissociations in flight tube of reflectron
time-of-flight instrument

CID Low QqQ, IT, QqTOF, QqLIT, FTICR Collision-induced dissociation by collision of precursor ions with inert
target gas molecules in collision cell. Energy range 1–100 eV

High Tandem TOF, sectors Same as above with keV energies
SID Low Hybrid (BqQ), QqQ, IT, FTICR Collisions between precursor ions and solid target surface with or

without self-assembled monolayer causing fragmentations as well as
other side reactions

High Tandem TOF, RETOF Same as above with precursors of higher translational energies
(instrument dependent)

ECD Low FTICR Low-energy beam of electrons resulting in electron capture at
protonation (or cationic) site with subsequent fragmentation following
radical ion chemistry

IRMPD Low IT, FTICR Continuous-wave low-energy infrared laser activates precursor ions by
multiphoton absorption with consequent fragmentation

BIRD Low IT, FTICR Low-energy thermal activation method ideal for calculations of energy
thresholds and thermodynamic properties
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Observed fragmentations in EI result exclusively from
unimolecular dissociations, a consequence of the high-
vacuum conditions in the source. These types of fragmen-
tations depend only on the structure and the total internal
energy of the ionized molecule. The quasi-equilibrium the-
ory (QET)6 or, equivalently, the Rice, Ramsperger Kassel and
Marcus (RRKM)7 theory can be used to explain unimolec-
ular dissociations in the gas phase under high vacuum.
Assumptions of these theories state that all oscillator motion
within an ion is independent, including electronic, transla-
tion, vibration and rotation, and that classical mechanics,
with some corrections based on quantum mechanics, can
explain nuclei movements. An important postulate maintains
that all microscopic states have equal statistical probability
and all the degrees of freedom participate with the same
probability in the energy distribution. The whole system is
described using a three-dimensional potential energy surface
separating reactants and products with barriers which, when
crossed, yield irreversible transformations. A representative
potential energy surface is illustrated in Fig. 1.

Interaction of electrons with molecules and subsequent
ionization in an EI source is very fast, taking <10�16 s. This
process forms molecular ions in ground and excited states.
Ionization occurs by a vertical transition and is much faster
than a vibration (¾10�14 –10�12 s), therefore the interatomic
distances remain largely unchanged (Franck–Condon prin-
ciple). Excited molecular ions redistribute their energy over
the degrees of freedom in a statistical manner, determined by
the intersections between the potential energy surfaces. The
rate of redistribution depends on the number of these conical
intersections and, for this reason, on the number of atoms
in the ionized molecule. The transitions lead to lower elec-
tronic states (but the same total internal energy), resulting
in the electronic ground state with a given total vibrational

Figure 1. 3D potential energy surface illustrating possible
dissociation pathways. Example: representative dissociation
pathway is seen with precursor ion represented as ABC

forming product ion AC and neutral B through a saddlepoint in
the potential energy surface, designating the transition state for
this dissociation pathway.

and rotational energy but a wide range when a population
of molecular ions is considered. After the accumulation of
internal energy into appropriate modes, fragmentation of the
ion occurs. Molecular ions leaving the source can reach the
detector intact or undergo metastable decompositions (see
below).

Fragmentation reactions are defined by a characteristic
threshold energy, E0. The RRKM theory provides an
expression describing the internal energy-dependent rate
constant for a fragmentation reaction:8,9

k�E� D s
h

[
P6D�E � E0�

�E

]

where h is Planck’s constant, s is the number of equivalent
routes for the reaction, E is the internal energy contained
in the ion, with E0 threshold energy for the transition, P6D

(E � E0) represents the total number of states of activated
complexes between zero and (E � E0) energy and �E is
the density of states of the ions at energy E. RRKM
assumes that the dissociation rate constant depends for a
particular molecule only on the internal energy present in
the molecules. A molecule can only dissociate if it contains
an internal energy above E0 and the decomposition rate will
obviously be faster the more excess energy is present within
the molecule. A simplified expression based on QET or the
equivalent RRKM theory can also be employed; however,
it should be used with caution since inherent errors exist,
particularly at low energy:

k�E� D �

(
E � E0

E

)n�1

where n represents the number of vibrational degrees of
freedom and � is the frequency factor. The quantities of n,
� and E0 depend on the structure of a molecule while � is
inversely related to the steric requirements of the reaction,
viz. on whether the oscillators are free to vibrate/rotate in the
activated complex or whether there are constraints (a ‘tight’
activated complex). The entropy factor for the transition state,
SŁ, is obviously decreased when the activated complex is
more ordered, thereby decreasing the frequency factor, as
noted in the following expression, and hence decreasing the
rate constant:

� D
(

E � E0

h

)
e1SŁ/R

A fragmentation reaction resulting from a transition state
with defined conformation (tight complex) reduces 1SŁ,
but can still occur since the threshold energy, E0, can be
decreased by a favorable geometry of the transition state. For
example, several fragmentation reactions occur via stable six-
membered cyclic intermediates. One of these reactions for
radical ions is known as the McLafferty rearrangement, but
similar fragmentations occur with even-electron species.10

Figure 2 illustrates the difference between rearrangements
and simple bond cleavages in terms of k(E) curves as
arbitrary internal energy functions. Tighter transition states
are favorable at lower energies and the importance of
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Figure 2. Arbitrary internal energy curves for rearrangement
and simple bond cleavage fragmentation reactions.

fragmentations involving loose complexes increases with
internal energy.11

The rate constant for dissociation defines the behavior
seen in the resulting mass spectra. Since an ion spends
¾10�6 s in the ion source, the ion is increasingly likely to
fragment in the source if k�E� > 106 s�1. Furthermore, as
the total time spent in mass spectrometers of many types
is ¾10�5 s (although it is longer in trapping instruments), a
fragmentation reaction with a rate constant k�E� < 105 s�1

can be expected to be detected as the molecular ion.10 In the
case where the rate constant k(E) equals the reciprocal of the
ion residence time, ¾10�5 s, these ions have a good chance of
dissociating en route between the ion source and the detector.
These ions are known as metastable ions and the resulting
signals collected in magnetic mass spectrometers are known
as metastable peaks. This special circumstance applies to
only a small proportion of ions in the population originally
produced. Many mass spectrometrists have taken advantage
of metastable peaks for studying the fragmentation behavior
of their molecules more closely. Figure 3 illustrates the
relative portions of stable, metastable and unstable ions
in an internal energy distribution curve.

Figure 3. Hypothetical distribution of internal energies of ions
formed in a typical beam-type instrument. Ions with
dissociation rate constants <105 s�1 remain intact on the
time-scale of the mass spectrometer (10�5 s). Those with rate
constants >106 s�1 are unstable ions and fragment in the ion
source, while the intermediate situation (106 s�1 > kdiss >

105 s�1) represents metastable ions that fragment between the
source and the detector.

METASTABLE ION DECOMPOSITIONS

Molecular ions formed in the ion source having sufficient
internal energy to fragment spontaneously in a field-free
region between the source and the analyzer are classified
as metastable ions. These fragments were initially identified
as unknown broadened peaks in the earliest mass spectra12

and later explained as unimolecular decay products formed
in the field-free regions of a mass spectrometer.13 All ions
leaving the ion source have approximately equal kinetic
energy and their masses can be differentiated based on
their flight velocities. In the original double focusing mass
spectrometers, the electrostatic analyzer (E) is placed in
front of the magnetic analyzer (B) in what is known as the
Nier–Johnson geometry. Metastable product ions formed
between the ion source and the E sector are not seen in
the mass spectrum, since the electric sector distinguishes
ions based on kinetic energy to charge ratio and therefore
does not transmit these products. Such an instrument does
exhibit metastable peaks for fragments formed in the field-
free region between the two sectors. Metastable peaks,
however, are not observed at m/z values representing the
true fragment ion mass, but instead appear at non-integer
m/z values between the actual product ion and its precursor.
This is due to their lower than normal kinetic energies and
the fact that a magnetic sector actually analyzes momentum
not mass unless all ions have the same kinetic energy. This
can be explained through a simple derivation. Recall that the
energy of the precursor ion is equal to 1

2 mv2 D zVacc. As an
ion of mass mp leaves the electrostatic sector, it has a velocity
vp, such that

vp D
√

2zVacc

mp

The law of momentum conservation states that the pre-
cursor ion’s momentum, mpvp, must be shared between the
products of decomposition. If a precursor, mp

C, dissociates
into a fragment ion, mf

C, the resulting neutral would have
mass (mp � mf), considering all species as singly charged:

mpvp D mfvf C �mp � mf�vf

Assuming identical velocities for the precursor and its
products �vf D vp D v�, the momentum has consequently
been altered:

mfv D mf

√
2zVacc

mp

Let us now consider what happens to the motion of mf
C

in the magnetic field of the sector instrument. There are two
forces acting on the ion in the sector. The centrifugal force on
the ion must balance the force preventing its ejection off on
a tangent, which is achieved by applying the magnetic field:

mfv2

rb
D Bzv

where rb is the radius of the ion’s trajectory in the magnetic
analyzer. As a result, if we combine the two above equations,
we end up with the following relation:

mf
2

mpz
D B2rb

2

2Vacc
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Since the mass analysis equation for magnetic sector
instruments is

m
z

D B2r2

2Vacc

the apparent mass of the metastable product ion, mŁ, is given
by

mŁ D mf
2

mp

This equation clarifies why metastable peaks always appear
at m/z values lower than mf.

This relationship has the advantage that one can easily
assemble fragmentation pathways using these metastable
peaks, which is illustrated in Fig. 4 with the metastable spec-
trum of theobromine (a purine derivative) obtained using
an EB sector instrument.14,15 Metastable peaks are usually
distinguishable from other peaks within the mass spectrum
since the kinetic energy released during the fragmentation
leads to a dispersion of velocities which reduces the reso-
lution observed. When a precursor dissociates during the
flight, fragment ions are ejected in all directions, resulting
in the products being formed with a distribution of velocity
components.

Before we describe techniques for the detection of
metastable ions in sector instruments, let us look at the
situation in the TOF mass spectrometer, which is much
simpler to understand. In a TOF instrument, if an ion
fragments within the source, the precursor and product ions
acquire the same kinetic energy and thus can be differentiated
by their velocities and flight times, which are related to

their respective masses (strictly, mass/charge ratios). When
a precursor ion enters the flight tube of a TOF analyzer, post-
source decay (PSD) of ions (viz. metastable ion dissociation)
yields decomposition products reaching a linear detector
with the same velocity as the original precursor ion. Hence, in
TOF-MS, ions that decompose during their flight through the
drift tube are usually detected at the precursor’s m/z. These
products can be distinguished, however, by the application
of a reflectron-TOF (RETOF).16,17 All ions enter the retarding
field of the reflectron but the lighter ones penetrate less than
the heavier ones. Fragment ions therefore exit the reflectron
earlier than their precursors and therefore have characteristic
flight times based on their masses. The PSD technique is used
extensively with matrix-assisted laser desorption/ionization
(MALDI)-RETOF instruments.16 MALDI is considered to be
a soft ionization method given that in-source fragmentation
is usually minimal under standard conditions.4,18 Since
the entire flight tube is a field-free region, metastable
decompositions have up to several microseconds to occur
and thus fragment ions are often more abundant in these than
in sector instruments. At present, however, PSD experiments
frequently make use of a collision cell placed between the
ionization source and the drift tube to induce fragmentation
by collision with a neutral target gas (see below). The mass of
the precursor can be found when the instrument is operated
in the linear mode, where the fragment ions are detected
at the precursor ion’s m/z value, and subsequent switching
to the reflectron mode identifies the products formed. Most
instruments include a precursor ion selection step for the ions
undergoing PSD. A low-resolution precursor ion-selecting
device cuts out a certain time slice of ions, corresponding

Figure 4. Metastable ion spectra of theobromine (a purine derivative) exhibiting useful fragment relationships for structural analysis.
Metastable peaks are seen at m/z 104.3 and 87.9, corresponding to transitions m/z 180 ! 137 and 137 ! 109, respectively.
Metastable analyses, as in this example, allow fragmentation pathways to be elucidated more easily. From Ref. 14 (reproduced by
courtesy of John Wiley and Sons) (fragmentation scheme above proposed by present authors).
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to a small range of m/z values.16 MALDI-PSD can be a
very sensitive technique and signal-to-noise ratios are often
improved over those recorded using more conventional
instruments employed for the analysis of metastable ions.19

PSD applications have mainly involved peptide and
protein analysis. This technique can be compared with
CID for peptide fragmentation patterns. Indeed, there are
several similarities between the spectra from both methods
but also some interesting differences, including the lack of
side-chain cleavages, in contrast to high-energy CID, and the
predominance of product ions including additional ammonia
losses in PSD spectra.17 Figure 5 shows the complete PSD
fragment ion spectrum of substance P, as an example for
the specific cleavages of peptide ions.17 The fragment ion
nomenclature denotes cleavages of the C˛ —CO and peptide
bond for a- and b-type ions, respectively.

Let us now venture back to specific scan modes
for detecting metastable ion decompositions in sector
instruments. Keep in mind, though, that these scans can
also be combined with a collision cell placed between the
two sectors for CID. Beynon et al.,20 in the early 1970s,
used a reverse geometry sector instrument (BE geometry)
for mass-analysed ion kinetic energy spectroscopy (MIKES),
which is still employed today for specific applications.21,22

Recall that at the source outlet, every singly charged species
has equal kinetic energy, which is constant throughout
its flight. If dissociation occurs between the magnetic and
electrostatic sectors, fragments retain the parent velocity, vp.
In the electrostatic analyser, all ions must obey the condition
zE D mv2/re, where re is the radius of the ion’s trajectory in the
electric field, z is the charge on the ion and E is the electric field
applied. E remains constant for all precursor ions, since they
all have the same kinetic energy. This condition is derived
from the fact that the electric force (zE) must be balanced
by the centrifugal force (mv2/re). Metastables are normally
eliminated from the spectrum, since the electrostatic sector
separates ions based on their different kinetic energies, thus
differentiating precursor and fragment ions. A modification
of the electric field, E, can be made so that

zEp D mpvp
2

re
and zEf D mfvp

2

re

If E is scanned, a metastable peak is observed when E D Ef.
Since Ep/Ef D mp/mf, the fragment masses are proportional
to the electric fields at which they are detected and the
electric field scale for the electrostatic sector corresponds to
a mass scale. In brief, we can isolate a beam of precursor
ions with a constant B value in the magnetic sector and scan
E for the determination of metastable fragment ion masses.
It should be noted that energy is converted from internal
modes to kinetic energy during fragmentation giving the
fragment ion a distribution of velocities about the average
value of vp. A MIKES experiment allows not only the study
of fragmentation pathways, but also a direct measurement
of this kinetic energy released during the fragmentation
between the two sectors by measuring the width of the
resulting peak.23 This can also be done by scanning the
accelerating voltage, Vacc.23

Several scan types can be used for recording the products
of metastable or CID. These have value for both fundamental
studies of the structures of gas-phase ions and in analytical
applications to the analysis of mixtures. The most common
of these is the product ion scan. It involves the selection
of a specific precursor ion for fragmentation. This can be
achieved by using a double focusing mass spectrometer of
reverse geometry in which a B sector precedes an E sector.
The B-field is used to select the precursor ion and the E-field
is used to scan the products generated between the two
fields. Alternatively, a forward geometry instrument can be
scanned so the ratio B/E is a constant to record the same
information. The ratio of B/E required to pass the precursor
ion and product ions is constant as both the B and E field
values are decreased from their original values. All product
ions of the selected precursor can be detected with the same
B/E ratio.24,25 The B/E linked scan is useful in both EB and
BE geometry instruments and the resolution is enhanced
as compared to the MIKES experiment. In this case, only
product ions formed with zero kinetic energy will be focused
by both sectors and subsequently detected. An alternative
scan, the B2/E constant scan is useful for identifying a family
of compounds present in a mixture.26 Initial values of B and
E are set in order to focus selected fragment ions formed in
the source. In this experiment, the two sectors are scanned
together while keeping B2/E constant. Yet another technique,
the accelerating voltage scan (defocusing method),23,25 can be

Figure 5. MALDI PSD fragment ion spectrum of substance P (M D 1347.7). The spectrum is composed of 14 separate segments,
each resulting from 50 single laser shots. (Note that the x- and y-axes do not follow a simple function in a two-stage RETOF. Thus,
the fragment ion signals are individually mass assigned). Predominant cleavages exhibit a- and b-type ions as well as corresponding
ions with ammonia losses. Adapted from Ref. 17 by courtesy of Elsevier Science.
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used to determine the precursor ions for a given fragment
formed in the source of a single focusing instrument. In short,
the instrument is first focused on a certain fragment ion with
a source potential Vacc, which is then progressively increased.
The selected fragment ion is ‘defocused’ if it is produced in
the source, but is detected every time Vacc reaches a value
corresponding to any precursor of the given fragment ion.
Finally, the last scan that will be mentioned is the constant
neutral loss scan.27 This rather complicated scan is used for
the selective detection of specific classes of compounds,
which exhibit a common neutral mass, mn, being lost during
fragmentation. If both B and E sectors are scanned together,
with the ratio Bf

2�1 � E0�/E02 remaining constant, fragments
formed in a field-free region are focused by both sectors only
if they coincide with some constant neutral loss specific to
the experiment. Even though rather complex methods are
used to detect specific types of products, it must be noted
that there are only a limited number of basic scan types.
In a two-stage (MS/MS) experiment these are the precursor
scan, product scan, neutral loss scan and reaction monitoring
experiment, which are summarized symbolically in Fig. 6.

The study of ion decompositions using the above scans
has allowed the confirmation of fragmentation pathways.
Important limitations remain with metastable decomposi-
tions, however, given that no control over fragmentation
occurs. Also, these instruments and the necessary scans are
complicated and, hence, are not very practical for analytical
laboratories with routine requirements. Accordingly, most
tandem mass spectrometry applications presently use CID
in more modern instruments, such as triple quadrupoles and
ion traps. The basic principles of this ion activation technique
are explained in the next section.

Figure 6. Basic scan modes used in CID experiments. For a
product ion scan, the first mass analyzer selects a specific
precursor ion while the second scans through a certain m/z
range. A precursor ion scan involves scanning the first analyzer
while detecting only one specific product ion. In a neutral loss
experiment, both analyzers are scanned together so as to
allow precursor and product ion pairs which have a defined
m/z shift to be analyzed. A selected reaction monitoring scan
specifies both the precursor and product ion for the detection
of only one pair at the detector.

COLLISION-INDUCED DISSOCIATION

As shown in the previous section, the ability to characterize
precursor ions from metastable dissociations alone is fairly
limited. Methods that cause ion activation increase internal
energy and thus increase the number of precursors that
dissociate in addition to providing structurally informative
fragments. CID remains the most common ion activation
method used in present day instruments.28 – 30 Collisions
between the precursor ion and a neutral target gas are
accompanied by an increase in internal energy, which
induces decomposition with much improved probability of
fragmentation as compared with metastable unimolecular
dissociations. A brief review of the collision process between
a fast ion and slow target is useful for understanding how the
collision energy is converted into internal energy. When an
ion with a high translational energy undergoes an inelastic
collision with a neutral, part of the translational energy
is converted into internal energy of the ion, leading to
subsequent decomposition.31 The transfer of kinetic energy
to internal energy can be represented by the laws of physics
involving a mobile species (ion) and a static target (gas). To
simplify the description of such a process, it is more useful to
work in the center-of-mass (com) framework instead of the
laboratory reference frame. In the latter, a binary collision
is described by the two separate particles involved with
their individual position and velocity vectors. A conversion
to the com reference frame makes the situation easier to
describe, because the center of mass momentum is always
zero. Energy transfer in collisional activation and kinetic
energy release during the dissociation of activated ions
are deduced by applying the conservation of momentum
and the conservation of energy to the process. The entire
system is evaluated as a whole and velocities of the ion
and neutral gas are stated as velocities relative to each
other. The com kinetic energy of the colliding particles,
not the laboratory kinetic energy of the ion, is the important
parameter determining the nature of the activation step of the
collision process. The description of the collision event and
the frame transformation are often illustrated by means of
two-dimensional Newton diagrams. These diagrams represent
graphical representations of the ion and target gas velocities
as well as the scattering angles in the center of mass reference
frame. The treatment of these very useful diagrams is beyond
the scope of this brief tutorial. The present authors suggest the
excellent introduction provided by Cooks as a first reading.32

The total available energy for the transfer of kinetic energy
to internal energy is the relative energy (Ecom) and depends
on the collision partners’ masses. The following relationship
relates the center of mass and laboratory collision energies:

Ecom D
(

N
mp C N

)
Elab

where Elab is the ion’s kinetic energy and N and mp

represent the masses for the neutral target and precursor
ion, respectively. The CID process is highly dependent
on the relative masses of the two species. Conservation
of energy means that if the relative translational energies
of the colliding particles change by a certain amount this
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energy must appear as internal energy, designated as the
collision endothermicity, q (the amount of translational
energy converted into internal energy). The maximum
magnitude of q is seen in the case where the collision partners
stick together, consisting of a totally inelastic collision. In this
case, the final relative kinetic energy is zero. The value of
qmax is therefore equal to the initial center of mass energy.
Ecom represents the maximum amount of energy that can
be converted into internal energy of the precursor ion. This
energy, as seen in the equation above, increases with the
target’s mass, allowing more of the ion’s kinetic energy
to be converted into internal energy. Furthermore, Ecom

decreases as a function of 1/mp, so larger precursor ions have
less internal energy available for fragmentation through the
collision process.33

During the collision process, collision partners approach
and recede from each other while changes might occur
at the molecular level. For the case of an elastic collision
(q D 0), the kinetic energy of the system (and the internal
states of the collision partners) is conserved. When q > 0,
an inelastic process occurs with a decrease in kinetic energy
(Ek) and a simultaneous increase in internal energy. Under
superelastic conditions (q < 0), there is a net increase in Ek

and decrease in internal energy. Collision induced activation
of polyatomic ions is an example of an inelastic collision.
Collisional activation mechanisms have been extensively
studied for diatomic ions with neutral target atoms,34 but
are still not well defined for polyatomic ions. On the
other hand the subsequent dissociation of activated ions is
adequately explained by RRKM (or less well by the QET).32

The overall CID process is assumed to occur by a two-step
mechanism, where the excitation of the precursors and their
fragmentations are separated in time since the activation
time for fast-moving ions is generally orders of magnitude
faster than the dissociation time:

mp
C C N ! mp

C6D ! mf
C C mn

The second part of this mechanism is, of course, a unimolec-
ular dissociation of an excited ion, and explains why QET
can be used to rationalize CID spectra. Fragmentation of a
precursor ion can occur if the collision energy is sufficiently
high that the ion is excited beyond its threshold for disso-
ciation. There exists, however, an amount of extra energy
needed above and beyond that of the threshold energy, viz.
the kinetic shift, for fragmentation to occur on the time-scale
allotted by the experiment. The shorter the time scale of
activation, the higher the kinetic shift necessary to observe
fragments.

All CID processes occurring routinely can be separated
into one of two categories based primarily on the trans-
lational energy of the precursor ion. For organic ions of
moderate mass (several hundred daltons), low-energy col-
lisions, common in quadrupole and ion trap instruments,
occur in the 1–100 eV range of collision energy, and high-
energy collisions, seen in sector and TOF/TOF instruments,
are in the kiloelectronvolt range. Intermediate collision ener-
gies (100–1000 eV) do not occur in commonly used tandem
mass spectrometers. There are important differences in the

resulting CID spectra under low and high collision energy
conditions.

Low-energy collisions
In considering low-energy collisions, we deal in the range
of 1–100 eV of laboratory collision energy, which is mostly
observed in triple quadrupoles (QqQ) and trapping devices,
such as quadrupole ion traps (IT) and Fourier-transform
ion cyclotron resonance (FTICR) instruments. In a QqQ
instrument, the collision cell is the second quadrupole (q2)
in the series and is operated in r.f.-only mode, allowing the
ions to be focused. The collision cell is filled with a neutral
inert gas, usually N2 or Ar, and ion activation is achieved
most often by multiple collisions.

In addition to the nature of the collision gas, the pressure
in the collision cell is of significant importance. At higher gas
pressures, both the number of ions undergoing collisions and
the probability for an individual ion to collide several times
with the target gas molecules increases.33 Furthermore, the
product ions formed by dissociation of the precursor ion can
be further activated by subsequent collisions and then also
dissociate at higher gas pressures. Busch et al.33 describe these
two limiting scenarios contributing to the CID spectrum:

mp
C N���!mf1

C N���!mf2
C N���!etc.

mp
C N���!mp

CŁ N���!mp
CŁŁ N���!products

The first reaction describes the CID of the precursor, followed
by subsequent dissociation of activated product ions. The
second reaction illustrates the stepwise activation of the
precursor ion prior to dissociation. Both reactions lead to an
increase in the total internal energy of the precursor ions. At
higher gas pressure and collision probabilities, the collision
energy deposition function resembles that of a Boltzmann
distribution at elevated temperatures.29 As pointed out by
Busch et al.,33 increasing the collision gas pressure is a
convenient means of increasing the degree of dissociation
of higher mass ions (for which Ecom values are low) and ions
that are particularly stable.

The probability of interaction, known as the collision
cross section, is given by

I0

I
D en�l

where I0 and I are beam intensities, n is the number of gas
molecules, � is the collision cross section and l is length
of collision cell; � is commonly expressed in Å

2
per atom

or cm2 per atom. For CID, the cross-section is generally
10�14 –10�17 cm2.

In a quadrupole ion trap, the precursor ions are
isolated and accelerated by ‘on-resonance’ excitation causing
collisions to occur and product ions are detected by
subsequent ejection from the trap. In on-resonance excitation,
the isolated precursor ion is excited by applying a small
(tickle) a.c. potential across the end-caps, corresponding
to the secular frequency of the ion. Ion activation times
of the order of tens of milliseconds can be used without
significant ion losses, therefore multiple collisions can occur
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during the excitation period. Because of this relatively long
time-scale, this excitation technique falls into the category
of so-called ‘slow heating’ processes.35 For a slow heating
process, excitation in an ion trap is still fairly fast, owing to
the high pressure of helium present in the trap (¾1 mTorr).
There are other slow heating methods, such as ‘sustained
off-resonance irradiation’ (SORI, see next paragraph) or
blackbody infrared radiative radiation (BIRD, see later) with
much longer excitation periods.

As is the case for quadrupole ion traps, in FTICR
instruments isolation and excitation take place in the same
confined space, where the ions are trapped for a specific time
in a combined magnetic and electrostatic field. On-resonance
excitation in the FTICR cell can be achieved by using a short
(hundreds of µs) high-amplitude a.c. signal at the natural
cyclotron frequency of the precursor ion. This procedure
excites the precursor ion rapidly via multiple collisions and
deposits a large amount of energy in the ion. The short
irradiation time is necessary to minimize precursor ion losses
in the on-resonance experiment. However off-resonance
excitation, the SORI technique, is usually applied for
collisional activation of precursor ions in FTICR instruments.
In SORI, the precursor ion is excited at a frequency slightly
higher than the natural cyclotron frequency. In that way,
ions undergo multiple acceleration/deceleration cycles as
they repeatedly increase and decrease their orbit radii in
the FTICR cell before dissociation takes place. As the ion
translational energy is small compared with on-resonance
excitation, much longer activation times can be used without
ion loss, often hundreds of milliseconds, sometimes up to
seconds,35 and a larger number of collisions take place.
Consequently, the ion sequentially absorbs more and more
collision energy until the collision threshold is reached.
As a result, slow, low-energy rearrangement reactions are
favored.36

For low collision energies, excitation is mostly vibra-
tional, since the interaction time is of the order of
¾10�13 –10�14 s, coinciding with a bond’s vibration period.37

However, molecular beam measurements of energy trans-
fer/disposal in CID processes have shown that many of
the previously held rationalizations about energy transfer
mechanisms, e.g. high-energy collisions, involve electronic
excitation whereas low-energy collisions involve vibrational
excitation, are not always valid. For example, the common
generalization that low-energy collisions proceed via vibra-
tional excitation is clearly contradicted by experiments which
measure energy transfer quantitatively.29

The mass of the neutral target has a more important
role for low-energy CID. More energy is transferred with
heavier targets. Even though the average energy deposited
per collision may be lower than in high-energy CID, product
ion yields are very high, especially since multiple collisions
are allowed by the gas pressure and length of the collision
cell in a QqQ or the time allotted for CID in ion traps.

In the case of a triple quadrupole instrument, just as in the
case already discussed of sector mass spectrometers, several
scan modes exist although they are easier to implement using
a triple quadrupole. The most common scan is the product ion
scan, where a specific precursor is selected in Q1, fragmented
in q2 and the products are subsequently determined in Q3.
A second scan is the precursor ion scan, which is essentially
the reverse of the product ion scan. The third quadrupole is
set to select a specific product ion formed in q2 and the first
quadrupole is scanned for all precursor ions forming the
chosen fragment.

An important use for precursor ion scans is seen in the
pharmaceutical industry. This experiment is convenient for
identifying drug metabolites having similar fragmentation
behavior and, hence, producing common fragment ions. The
example in Fig. 7 shows two metabolites of ciprofloxacin that

Figure 7. Example of a precursor ion scan experiment for the determination of ciprofloxacin and two of its known metabolites. The
fragmentation pathway is outlined for the formation of product ion m/z 231 for protonated ciprofloxacin (m/z 332). The above
chromatogram reveals two metabolites formed in human urine. From Ref. 38. (Chromatographic trace reprinted with permission, 
1997 American Chemical Society).
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are detected in human urine using a precursor ion scan of a
common fragment at m/z 231.38 This experiment yields a
chromatogram with all species exhibiting this structurally
relevant product ion after CID. A third experiment is the
neutral loss scan which is also achieved in this instrument
with relative ease. Neutral loss scans are routinely used for
rapid diagnosis in neonatal screening of metabolic diseases,
including maple syrup urine disease and homocystinuria.
Figure 8 exhibits the neutral loss scan experiment used for
the detection of homocystinuria. In this assay, all amino
acids are first derivatized to their butyl ester derivatives
and subsequently detected by a common loss of the neutral
butyl ester. Figure 8(A) is a product ion scan for the butyl
ester derivative of methionine (m/z 206) revealing a strong
fragment ion at m/z 104 (neutral loss of 102 Da). Comparison
of neutral loss scans from a control blood sample and
one from a neonatal patient with homocystinuria detects
the disease by determining the ratio of methionine to the
summed contribution of leucine and isoleucine. The disease
state, as seen from comparing the spectra in Fig. 8(B) and (C),
has a much elevated ratio.39

Interestingly, multiple stages of CID can be performed in
IT instruments, although the experiment is restricted to the

product ion scan. This is advantageous for the elucidation
of fragmentation pathways and for the identification of
molecular structures of ions. Several hybrid geometries have
recently been introduced with specific advantages, including
the quadrupole-linear ion trap (QqLIT) and the quadrupole-
time of flight (QqTOF) instruments. The former allows triple
quadrupole scan types as well as MS3 capabilities in the
linear ion trap,40 while the latter yields product ion spectra
with greater resolution and thus higher mass accuracies
for product ions.41 Some commercial instruments can even
achieve low-energy CID in an r.f.-only quadrupole with
a hybrid Qq-FTICR instrument.42 Additionally, a recently
introduced FTICR instrument employs a linear ion trap for
multiple stages of front end CID.43

High-energy collisions
Collisional activation occurs in the keV range in sector
and TOF instruments, when precursor ions have very
high translational energy. In both types of instrument, a
collision cell is placed between the two mass analyzers.
The precursor ion beam, having a kinetic energy of a few
keV, can enter the collision cell, usually causing single
collisions before mass analysis of the product ions. The
same linked scans as previously described in the metastable

Figure 8. An example of a neutral loss scan is shown for the determination of homocystinuria (metabolic disease) in newborns. (A)
Product ion scan of methionine butyl ester derivative. Scanning for a common neutral loss of 102 (butyl ester) is used to quantify all
amino acids, which are initially derivatized to their butyl ester derivatives. The ratios of methionine to the summed contribution of
leucine and isoleucine are compared for control (B) and disease-state (C) samples for detection of homocystinuria. Asterisks denote
spiked deuterated amino acids used as internal standards in the assay. From Ref. 33 (reproduced by courtesy of AACC).
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ion decomposition section can also be employed for the
analysis of CID products in sector instruments. Four-sector
mass spectrometers (a pair of electric sector/magnetic sector
combinations) allow high resolution of both precursor and
product ions; however, these instruments suffer from poor
sensitivity due to transmission losses. PSD products in
TOF instruments can be increased by either performing the
experiments under low-vacuum conditions16 and therefore
causing collisions with residual gas to occur in the flight
tube or by placing a collision cell immediately after the ion
source in a TOF instrument.44 A tandem TOF instrument has
a high-energy collision cell placed between two TOF mass
analysers, with good resolving power in both stages of mass
analysis.45 High-energy CID generally employs helium as
the target gas, but collision yield may be increased by using
a heavier gas, such as Ar or Xe.

Ion excitation is mainly electronic at high kinetic
energies.46 It is, however, noteworthy that vibrational and
rotational energies can also play an important role in the
excitation.47 The conversion of kinetic energy to internal
energy is most efficient when the interaction time of
the collision coincides with the period of the internal
mode undergoing excitation.48 If activation causes an initial
vertical electronic transition, redistribution of the energy
acquired into vibrational modes of the precursor ion’s
ground electronic state may follow and be the reason for
a bond cleavage. The randomization of energy occurs by
radiationless transitions within the excited precursor ion
with consequent CID.

The two energy regimes possible for CID often yield
different products. This fact can be used to our advantage,
since structurally important fragments can be formed in
both techniques. For unimolecular dissociations, higher
ion energies are required for direct bond cleavages than
for rearrangement reactions.31 The case of fragmentation
of ketone molecular ions illustrates this scenario. Two
possible fragmentation routes are the ˛-cleavage (direct
bond cleavage) and the McLafferty rearrangement, the
contribution of the latter being increased as energy is
decreased.10 It has also been reported that high-energy
CID imparts a wide range of energies to the precursors,
including much higher activation energies.49 A detailed
study on the internal energy distributions on ions has been
provided by Wysocki et al.,49 which includes a nice example
illustrating this difference. Figure 9 gives an example from
this paper with the different P(E) curves resulting from low
and high-energy collision experiments for the phenanthrene
molecular ion.49 Threshold energies for several reactions are
not achieved in the low-energy collision regime, resulting in
many fewer fragment ions. It can be assumed that high-
energy CID allows an increase in direct bond cleavage
products in the tandem mass spectra as compared with the
low-energy case. There is a trend towards higher energy
products, resulting mostly from direct bond cleavages,
as the collision energy is increased. Another interesting
example is noted for the fragmentation spectra of peptides.
Specific fragmentation nomenclature has been developed
for peptides, based on which bonds are cleaved in the
dissociation process.50 The low- and high-energy CID spectra

for the decapeptide ACTH are shown in Fig. 10.51 We see
that high-energy collisions in a four-sector instrument yield
primarily v and w ions, while the low-energy CID spectra
in a triple quadrupole exhibits mostly b and y ions. The
fragmentation mechanisms15,52 for the formation of these
products explain their abundance in the two types of spectra.
High-energy CID spectra usually show increased side-chain
fragmentation in addition to richer tandem mass spectra than
in the case of low-energy activation.53 Although CID remains
the most common activation method in mass spectrometry,
there has been a recent emergence of new activation
techniques, each with their own advantages and applications,
one of which is surface-induced dissociation (SID).

SURFACE-INDUCED DISSOCIATION

This method of activation represents a procedure analogous
to CID, except that a solid surface is used as a collision
target instead of an inert gas molecule. Simply put, kinetic
energy of the projectile ion is transferred into potential
energy upon collision with a solid surface, with resulting
activation of the precursor ion and subsequent dissociation.
SID was first developed in the 1970s and most of the
pioneering studies were performed in Cooks’ laboratory
at Purdue University.54,55 Since its inception, SID has been
studied by several other research groups also, including
those of McLafferty,56,57 Wysocki58 – 60 and Futrell.61 – 63 The
main idea behind this activation method stems from the
fact that energy transfer in CID is limited by the energy
available in the center-of-mass reference frame (Ecom), which
is dependent on the mass of the target gas (see above). By
increasing the mass of the target, Ecom becomes larger and
thus energy transfer can be improved. Assuming (as an
extreme) that collisions occur with the entire surface instead
of individual surface molecules, the mass of this colliding
species is effectively infinite. Energy conversion, in theory,
should therefore be much more efficient in SID. There are
instances, though, where terminal groups on the surface
appear to be primarily responsible for energy conversion.64

Figure 9. P(E) distribution curves and product ion spectra for
high-energy (A) and low-energy (B) CID of phenanthrene ions.
Activation energies of several product ions are noted. From
Ref. 50 (reproduced by courtesy of Elsevier Science).
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Figure 10. Different fragmentations pathways for protonated peptides are shown under low- and high-energy CID conditions. The
high-energy CID of ATCH decapeptide produces mainly v and w ions, whereas low-energy CID yields b and y ions. Both methods
can be used to gain complementary information. This can therefore improve sequence coverage and reliability of data. From Ref. 51
(reproduced by courtesy of Elsevier Science). Fragmentation shown according to Refs 14 and 45.

In this case, the center-of-mass collision energy is calculated
using the mass of these groups.

Cooks and co-workers have arbitrarily classified the
collision events at surfaces according to the collision energy
of the impacting projectile (neutral molecules, ions, atoms).65

SID reactions fall in the ‘hyperthermal’ regime (energies
between 1 and 100 eV). In this regime, the center-of-mass
collision energies are of the order of or greater than chemical
bond energies and they allow bond cleavages in addition to
rearrangement reactions. Other energy regimes not covered
in this tutorial include very small collision energies (meV
to a few eV; ‘thermal range’) and keV to MeV collisions.
In these regimes, usually no specific information on the
chemical nature of the impacting ion is obtained. Hence
hyperthermal ions are the primary subject of this section.
Hyperthermal ions can scatter on a surface in an elastic,
inelastic or chemically reactive fashion. Elastic scattering
events can lead to ‘soft landing’ of ions by removing
translational energy from the ions and depositing them on the
surface.66 Inelastic and reactive scattering events, however,
are the most common processes observed at the collision
energies typically implemented in SID, where the reactive
scattering reactions are undesired side reactions leading
to reduced efficiency and sensitivity in SID (see below).
Table 2 illustrates the major hyperthermal reactions induced
by surface collisions with increasing collision energies.

In general, similar products are observed in SID and
CID and the mechanism of activation for SID is therefore
rationalized as a two-step process. Initially, the incident
ion inelastically collides with the solid surface, forming an

internally excited ion, which then undergoes unimolecular
dissociations. The interaction time with the surface is of
the order of 10�12 s, a short period compared with the
dissociation time required for polyatomic ions (maximum
dissociation constants: 1010 –1012 s�1).55 The SID experiment
is believed to involve collisional activation at the surface
followed by delayed gas-phase dissociation of the scattered
projectile ion. However, there is evidence for another process
based on a sudden increase in the number of observable
peaks (from 2–5 to >50) with change in collision energy from
10 to 30 eV. It is suggested that shattering of the projectile
ion occurs at the surface at these higher collision energies67

and this results in fragment ions which have the same kinetic
energy since they all originate at the surface. By contrast,
dissociations taking place in the gas phase after the precursor
ion has left the surface have similar velocities. For example,
Schulz et al.68 found the same velocity distribution for small
peptide fragment ions after collision with a hexanethiolate
self-assembled monolayer (SAM, see below), indicating gas-
phase dissociation after the precursor ions had already left
the surface.

The internal energy distributions of excited ions for SID
are relatively narrow,69 therefore this activation method
offers an advantage over CID, where the internal energy
of ions is not as narrow. In general, all incident ions directly
collide with the surface, whereas in CID most collisions
are glancing. Consequently, the energy transferred can be
readily varied with changing the impact energy. This can
be useful for identifying the relative energies needed for
specific fragmentation pathways to occur. The center-of-mass
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Table 2. Elementary processes in ion–surface interactions (adapted
from Ref. 66)

collision energy for SID is difficult to determine, but if we
assume the mass of the target, N, to represent the mass of the
collection of atoms in the surface, the N/�N C mp� ratio would
essentially be unity, and Ecom would equal Elab. However, as
explained above, this assumption is not always possible, and
a specific mass should then be considered for the colliding
neutral target.64 Some simulation experiments, such as the
Hase model,70 however, have shed some light on this subject.
It has been shown that several experimental factors (such as
surface composition, projectile structure, collision energy,
incidence angle) influence the amount of energy transferred
into internal energy of the ion.70

Since SID yields a relatively narrow range of internal
energies, it has a potential application in isomer distinction
when comparing relative intensities in energy-resolved mass
spectrometry.58 Conversely, in the case of CID, two stable
ions with a low interconversion barrier can give similar
tandem mass spectra. SID spectra have been shown to be
reproducible with good signal-to-noise ratios. Furthermore,
the reaction region does not need additional pumping stages,
since no extra gas is introduced as in CID. The solid surface
is directly in the path of the incident beam, yielding 100%
interaction efficiency; however, this does not necessarily
imply higher overall collision yields than CID.

The advantages of SID over CID are often diluted
when a metal surface is selected due to the presence of
several competing processes, viz. neutralization, chemical
sputtering from the surface and ion–surface complex
formation reactions (Table 2).65,71 Neutralization of the
incident ion beam is especially apparent when the metal
surface, or the adsorbate present on the surface, has a low
ionization potential, thus the charge can easily be transferred
from the ion to the surface. Resulting surface ions can also
end up with additional internal energy from the collision and
dissociate into products, a phenomenon known as chemical
sputtering. Ion–surface reactions, such as abstraction of a
hydrogen atom or a methyl group, are common when
surfaces bear adsorbates. At the operating pressures in
the SID reaction region, the surface is usually covered
with impurities, mostly derived from residual pump oil.

Figure 11. An SID spectrum is shown for the benzene
molecular ion. Ion–surface reactions are apparent by the
presence at m/z 91, corresponding to the stable tropylium ion.
This product is formed by initial methyl abstraction from the
adsorbate present on the surface target, followed by the loss
of a hydrogen molecule (H2). Note also that m/z 78
corresponds to the protonated ion, formed by hydrogen
abstraction from the surface, another common ion–surface
reaction seen in SID. From Ref. 47 (reproduced by courtesy of
John Wiley and Sons).

In general, even electron species do not undergo ion–surface
reactions, although we often see molecular ions (MCž)
abstracting a hydrogen resulting in an [M C H]C species,72

which can subsequently dissociate. Hydrocarbon adsorbates
present on these metal surfaces are the suggested source
for the abstracted hydrogen. An interesting example is also
seen with SID of the benzene molecular ion. The precursor
can abstract a methyl group from the surface, followed by
loss of H2 forming the highly stable tropylium ion.73 The
SID spectrum of the benzene molecular ion is illustrated in
Fig. 11.55 It has also been reported that changing the nature of
the adsorbate can decrease the extent of neutralization of the
ion beam, which has been estimated to represent up to 90% of
the precursor ions lost with most metal surfaces.55 Recently,
surfaces for SID have been modified by using SAMs.74,75

The fluorinated SAM surfaces consist of a fluorinated self-
assembled monolayer of thiolate, which has a high ionization
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potential and, hence, does not promote charge exchange
between the ion and the surface. These surfaces have been
studied extensively and are mostly resistant to surface
damage.60

Several different instruments have been employed for
SID of polyatomic ions; however, important modifications to
the mass spectrometer are usually necessary. An in-line BqQ
hybrid has been modified to allow the large scattering angles
needed for the study of ion–surface reactions.55 Special ion
optics are used for the deceleration of the ion beam and
extraction of the products for analysis by the quadrupole.
Triple quadrupoles can also be altered to accommodate
SID.76 The second quadrupole is operated in r.f.-only mode
and serves as an ion guide in front of the target. Q3 is placed
at right-angles to the other two quadrupoles. This geometry
allows the introduction of gas into q2 for consecutive gas-
phase and surface collisions. A TOF/TOF instrument with
a 90° scattering angle and a solid surface placed between
the two analyzers can also be used to perform SID.77,78 Since
the resulting fragments have a range of kinetic energies, the
beam must be accelerated from the surface to achieve good
mass resolution. However, low resolution of product ions
still remains a problem.79 This instrument allows very rapid
SID data acquisition and can access high collision energies
(up to 750 eV). A reflectron TOF can be used for ion–surface
collisions by placing the surface target at the end of the
reflector.80 – 82 SID has also been performed in FTICR56,57,83,84

and ion trap85 instruments, by first trapping the ions and
subsequently accelerating them into either the walls of the
trap or a probe placed at one end of the FTICR cell. SID is
especially advantageous for FTICR-MS, given that CID in
these instruments requires the introduction of gas, which
has a negative effect on mass resolution. More effective
dissociation can also be seen in trapping instruments since
multiple stages of SID can be performed. SID in an FTICR
instrument has been reported to be especially effective for
the dissociation of large peptides.56,86 Unfortunately, most
of these instruments suffer from poor transmission of the
emerging ion beams. Also, instrument modifications often
need to be made to accommodate the non-linear collision
geometry necessary for SID. Several recent advances in
optical and surface optimization have increased the overall
collision yields of SID, yet improved efficiency is still needed.
This activation method remains a very promising technique,
especially for high-mass ions, such as peptides and proteins,
with relatively high dissociation thresholds. SID, however,
still awaits incorporation into a commercial instrument.
Another method that has interesting applications, especially
for proteomics research, is electron capture dissociation
(ECD), which represents the next topic of discussion.

ELECTRON CAPTURE DISSOCIATION

In this section, we introduce the technique of electron capture
dissociation (ECD), which was developed by McLafferty’s
group in 1998.87 Briefly, it involves the capture of low-
energy electrons by multiply charged ions, with charge-
state reduction and subsequent fragmentation. This method
was originally developed for the analysis of multiply

charged peptides and proteins by electrospray ionization. An
excellent review of the history and mechanism of ECD was
presented by Zubarev et al. in 2002.88 The ECD method for
ion activation is the result of several important observations
from ion–electron reactions, which are all clearly described in
Zubarev et al.’s review. Specifically, the study of dissociative
recombination (DR) correlates well with ECD.88 DR involves
the fragmentation of gaseous positive ions following electron
capture, where the excited neutral then dissociates into
two neutrals (one radical and one even-electron species).
Stabilization of the captured electron is faster than electron
emission, which is usually on the time-scale of 10�14 s. Bond
dissociation, therefore, occurs faster than a typical bond
vibration. The main difference in the case of ECD is the
charge-state of the precursor ions and the resulting species.
Also, the process is non-ergodic. Removing the unpaired
electron from this multiply charged ion should require
5–7 eV of energy; conversely, the electron addition that
formed this hypervalent species should also add 5–7 eV
of recombination energy.89 Randomization of this energy
over the thousands of degrees of freedom of a large protein
ion would result in only millivolts of excitation per bond.
However, with a non-ergodic process, bond cleavage occurs
by this addition of energy before it is randomized away from
the reaction site. The major advantage of ECD is the ability
to cause dissociation in very large biomolecules (¾40 kDa)
at many sites, where other methods of dissociation are less
effective.

ECD usually employs a tungsten filament forming a
beam of very low-energy electrons (<0.2 eV) for activation
of the precursor ion. A low-energy electron source based on
an indirectly heated dispenser cathode, however, has been
shown to cause significant improvement for the process
and greatly decreases the corresponding time needed for
ECD experiments.90 FTICR-MS is ideal for the application of
ECD89 and, accordingly, all commercial FTICR instruments
currently provide this technique. Since the electron beam is
fairly narrow compared with the ion packets in the ICR cell,
long interaction times (up to minutes) are needed for good
fragment ion abundances.91 As a consequence, not all ions are
activated instantaneously, even though the ECD activation
process itself is very short (<10�14 s).92 The FTICR cell traps
the ions by simultaneously applying strong magnetic and
weak electrostatic fields, while having virtually no influence
on the kinetic energy of the electrons during their interaction
with the precursor ions.91 Unfortunately, it remains difficult
to perform ECD in a quadrupole ion trap instrument, where
the ions are trapped by strong r.f. potentials applied to the
ring electrode, affecting the electrons’ movement in the trap.

Charge neutralization occurs when a singly charged
ion undergoes electron capture and the resulting neutral,
obviously, cannot be detected by the mass spectrometer.
ECD is, as a result, only applicable to multiply charged
cationic species. The mechanism of dissociation involves the
fragmentation of an odd-electron ion, resulting from electron
capture on to an even-electron species. The dissociation of
the ion is restricted to specific protonation (or cationic)
sites where the electron is captured. As a result, bond
cleavages are governed by radical ion chemistry.10 The
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radical species resulting from electron capture has very
different bond strengths to the original precursor and
therefore the fragmentation pathways can differ greatly.

Electron capture depends strongly on electron energy,
whereby the efficiency of the process increases 1000-fold
by decreasing the energy from 1 to <0.2 eV.93 There is
also efficient electron capture at higher energies, with
a maximum at ¾7 eV,94 and this is referred to as hot-
ECD (HECD). This regime is still much less efficient,
however, than regular ECD (<0.2 eV electrons). The much
larger electron current produced from the indirectly heated
cathode electron source can cause HECD to have similar
efficiency and capture cross-section to ECD. Other electron
energies also cause dissociation reactions, but these have
very different mechanisms, including electronic-excitation
dissociation (EED) and electron-detachment dissociation
(EDD).91

If we discuss the mechanism of ECD in a little more
detail, the electron is not necessarily captured directly
at the charge site. The electron can land far from the
cationic site with subsequent electron transfer to the highest
charge density site. The intramolecular potential difference,
which causes this secondary electron transfer, is especially
apparent in multiply charged metal ion complexes. These
metal ions, such as Fe3C or Zn2C, serve as an electron
sink and we accordingly see much less fragmentations
within a certain region close to the metal.93 The landing
of an electron on a multiply charged precursor ion creates
a hypervalent (hydrogen-excess) unstable species. Groups
with high affinity for the hot hydrogen atom, such as
carbonyl or disulfide bonds, are principal sites for capture.
The exothermicity of charge reduction and Hž capture leads
to bond cleavage initiated at the radical site.

ECD has been described as a non-ergodic process,95

where energy is not redistributed over the whole molecule
and weakest bonds are not preferentially broken following
ion activation. This characteristic behavior is illustrated very
well by comparing the fragmentation reactions of multiply
charged peptides for ECD and the vibrational excitation
(ergodic) methods. Ion activation for all other methods is
based on the vibrational excitation with rapid redistribution
throughout the whole precursor ion prior to dissociation.
Fragmentation pathways can be rationalized by the statistical
quasi-equilibrium and RRKM theories and depend only
on the amount of energy deposited, not the method of
ion activation. Ergodic activation methods, such as CID
and IRMPD (see below), result in cleavage sites at the
most vulnerable bonds, such as peptide bonds, through
rearrangement reactions. Accordingly, tandem mass spectra
look very similar for all other activation methods. ECD,
however, is assumed to occur much faster than 10�12 s,
permitting the occurrence of direct bond cleavages only.
As a result, it has been reported that the strong backbone
N—C˛ bonds of peptides are cleaved, forming c0 and z-type
ions. Also, disulfide bonds, which are fairly stable under
other ion activation conditions, are preferentially broken. An
obvious advantage is the possibility of identifying sites of
post-translational modifications, which remains especially
difficult for the very labile �-carboxyl, o-glycosyl and sulfate

linkages using other methods.91 In addition, even non-
covalent interactions are stable under ECD conditions,96

allowing specific sites of interactions to be studied in addition
to gas-phase secondary and tertiary protein structure. The
c0 and z ions are also observed with HECD, but since
we have excess energy, we often also see secondary
fragments of the z ions, giving w ions through side-chain
cleavages. These fragment ions are useful in distinguishing
the isomeric leucine and isoleucine amino acids in a peptide
sequence.94 Additionally, cleavage of peptide bonds, yielding
b- and y-type ions, can occur with HECD.94 ECD has
mostly been used in the field of proteomics since it often
yields better sequence coverage than CID, making it very
important for the identification of modification sites. It has
also been applied to polymers,97,98 peptide nucleic acids99

and oligonucleotides.100 A good example illustrating the
difference in fragmentation pathways between vibrational
excitation methods and ECD is given in Fig. 12.101 The
ECD and infrared multiphoton dissociation (IRMPD, see
below) spectra of glycopeptides exhibit different product
ions. There is extensive fragmentation of the labile sugar
portions in IRMPD, whereas minimal fragmentation of the
post-translational modification groups occurs with ECD. The
latter technique is therefore very useful in the study of
protein glycosylation and complementary information can
be obtained by using it in combination with other activation
methods. IRMPD is the next method to be explained, and is
also employed in FTICR and other trapping instruments.

INFRARED MULTIPHOTON DISSOCIATION

The next activation method to be addressed is photodissocia-
tion. Ions can be excited and subsequently fragmented by the
absorption of one or more photons. This type of activation
of gaseous ions in a mass spectrometer has been performed
with a range of photon energies, primarily by using lasers
of different wavelengths. Historically, lasers emitting in the
UV region, such as ArF excimer lasers (193 nm), and visible
regions were used. Recently, there has been an increase in
the use of IR lasers for photodissociation. These lasers are of
low energies compared with UV lasers, where the absorption
of only one photon provided enough energy to initiate dis-
sociation of precursor ions. In IR, multiphoton processes are
consequently needed to excite ions sufficiently for efficient
fragmentation.

The chemistry of small molecules has been studied
by IRMPD for a long time.102 – 104 The recent increase in
applications for IRMPD as an activation technique in MS/MS
is primarily due to the growth in popularity of trapping
instruments, including quadrupole ion traps and Fourier
transform ion cyclotron resonance mass spectrometers.
IRMPD is ideally suited to these instruments, given their
ability to store ions for long times. Typically, ions in the
ion trap or the ICR cell are activated by a low-power
(<100 W) continuous-wave CO2 (10.6 µm) laser for a selected
irradiance time (usually on the order of tens to hundreds of
milliseconds), followed by the detection of the resulting
product ions.
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Figure 12. Comparison of ECD and IRMPD spectra for a triply charged N-glycosylated peptide of m/z 1005.5. Backbone amine
cleavages (11 out of 15) are observed in the ECD spectra, yielding c-type ions with good sequence coverage, while glycan
fragmentation predominates in the IRMPD spectra. Complementary information can be obtained by using both techniques for the
characterization of glycosylated peptides. From Ref. 97 (reproduced with permission,  2001 American Chemical Society).

Photodissociation can be generally viewed by the follow-
ing mechanism:

mp
C nh����!mp

C6D kdiss���!mf
C C mn

where n describes the number of absorbed photons, h�
is the photon energy and kdiss is the rate constant for
photodissociation. The mechanism of activation is assumed
to be through the absorption of IR radiation by IR active
modes present in the ion, followed by the rapid redistribution
of energy over all the vibrational degrees of freedom. The
outcome is a statistical internal energy distribution, similar
to CID. The activation is stepwise, by subsequent absorption
of photons, and dissociation occurs by low-energy pathways,
often the lowest that is available. There are several important
criteria for photodissociation to occur. The precursor ion
must be able to absorb energy in the form of photons,
producing excited states above the threshold of dissociation
for the ion of interest. Competitive collisional and radiative
cooling of ions also occurs, partially decreasing the energy
gained by photon absorption and thus lowering the overall
rate for dissociation. The energy gained by the absorption
of photons must consequently overcome the energy lost by
photon emission from the excited ions, as well as deactivation

by collisions. The presence of gas in the activation region
(storage device) increases the chances for deactivation of the
excited ions. In an FTICR instrument, this fact does not pose
a problem since extremely low pressures are maintained in
the cell. Conversely, the quadrupole ion trap has a constant
amount of helium buffer gas present in the trapping region
at all times to help narrow the kinetic energy distribution of
the ions, so collisional deactivation can become an issue. A
compromise is usually reached with a lower helium pressure
than usual in the ion trap, as removing the helium altogether
would cause peak resolution to suffer tremendously.

A very important advantage of IRMPD over CID in an
ion trap comes from the fact that the trapping conditions,
such as the r.f. voltages, do not need to be altered in the
activation process. In a typical ion trap CID experiment,
the precursor ion of interest is selectively accelerated by
resonant excitation (see above). Multiple collisions and
stepwise energy deposition occur, until an energy threshold
is surpassed and dissociation takes place. The necessary
conditions for CID in an IT cause an inherent low-mass cut-off
for the detection of product ions, so low-mass fragments are
not observed even if they are easily formed. A tradeoff must
be made between the amount of internal energy available,
which depends on the potential well depth (/ qz), and the
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low-mass cut-off for product ions. Usually, CID conditions
necessitate high qz values. Photodissociation, however, can
occur efficiently at very low qz values.105 IRMPD in ion traps
allows for the storage of a wide m/z range of ions with less
product ion mass discrimination. No fragments would be
observable for CID under these trapping conditions.

The ion activation by photodissociation is rather non-
selective, therefore all trapped ions are excited and secondary
product ions can be observed. We therefore gain several new
fragments compared with on-resonance or SORI CID (see
above), as product ions derived from the precursor ion can be
further excited into dissociative states. Keep in mind, though,
that this outcome can also be disadvantageous if too many
ions are formed and the resulting spectrum is a complicated
collection of peaks. Moreover, the sequence of fragmentation
pathways can easily be lost in such a situation. Fortunately,
applying tailored excitation waveforms, such as ‘stored
waveform inverse Fourier transforms’ (SWIFT),106 may be
used to eject specific product ions selectively from the trap.
Fragment ions that disappear are concluded to be products
of the ejected ions. This technique has been employed for
IRMPD of macrolide antibiotics in a quadrupole ion trap.104

The advantages of IRMPD are numerous. Particularly,
the amount of available energy is well defined. In the
case of a 10.6 µm CO2 laser, the absorption of one photon
corresponds to 0.117 eV of energy. The dissociation efficiency
of this technique is good, given enough time for activation,
and it can easily be implemented in routine analytical
laboratories. Dissociation of precursor ions does not compete
with scattering and ejection out of the trapping region. In
the case of FTICR, gas does not need to be added to the
cell. However, the cost of this technique is high and direct
fragmentation pathways are often not easily determined, as
in CID.

Interestingly, Hofstadler and co-workers107,108 have per-
formed IRMPD in an r.f.-only hexapole, acting as an external
ion storage device, prior to FTICR detection. The hexapole
represents a narrower path than the FTICR cell, so the
laser beam is able to interact with a larger number of
ions having increased excitation efficiency. These studies
exhibit IRMPD in a device other than the mass analyzer
and show promise for the use of IRMPD with other instru-
ments, such as TOFs. Recent studies have generally focused
on the analysis of biomolecules by MS/MS and IRMPD has
proven useful in these applications. The technique has been
successfully employed for proteins,109,110 oligosaccharides,111

oligonucleotides112,113 and pharmaceuticals.105,114,115 IRMPD
has been combined with ECD116,117 and with collisional
activation.118 It has been reported that these combinations
can yield richer fragmentation spectra then the individual
activation methods alone. The last ion activation technique
discussed is the thermal dissociation of precursor ions in
trapping instruments by blackbody infrared radiative disso-
ciation (BIRD).

BLACKBODY INFRARED RADIATIVE
DISSOCIATION (BIRD)

In an FTICR mass spectrometer, activation of ions can
be accomplished by heating the ICR cell. Heating causes

Figure 13. Procedure for deducing kinetic constants from
BIRD data. Fragmentation of the precursor ion is followed at
different activation times. If ln�mp/mp C mf� vs activation
time is plotted for several reaction temperatures, first-order
dissociation rate constants can be found from the slope. A
second plot can be constructed for ln kdiss vs 1/T. Both
activation energy and the Arrhenius constant (a measure of the
entropy of the dissociation reaction) can be calculated for the
slope and the intercept of the resulting graph, respectively.

the trapped ions to absorb blackbody photons emitted
from the walls of the cell. Dissociation occurs with no
other source of excitation, such as collisional activation,
owing to the extremely low pressures in this instrument.
This is known as blackbody infrared radiative dissociation
(BIRD) and represents a new method for the dissociation
of large ions.119 There are two essential requirements for
the blackbody mechanism; first, that the ambient pressure
is low enough (<10�6 Torr) so that IR photon absorption
and emission compete significantly with collisional energy
exchange; second, that the time-scale of observation of
the dissociating molecules is long enough (of the order
of seconds) for any significant degree of dissociation. An
unreactive bath gas can also be added into the cell in
order to remove excess ion velocity from the precursor ion
population. In the case of large ions (>50 atoms), the rate
of energy transfer of absorption and emission of photons
can be greater than the rate of dissociation. A Boltzmann
distribution results for the internal energies of the ions in the
ICR cell, from the equilibration to a steady-state.120,121 These
circumstances allow for kinetic parameters to be determined
by the dissociation process, giving a measure of the stabilities
of the gas-phase ions. Dissociation rate constants can be
calculated from the comparison of fragmentation yields
at different activation times. If the above experiment is
performed at several temperatures, the activation energy and
the pre-exponential Arrhenius factor are easily calculated.
The Arrhenius equation states that

k D Ae�Ea/RT

where k represents the rate constant, A is the pre-exponential
Arrhenius factor, Ea is the activation energy, R is the gas
constant and T is the absolute temperature of the ICR cell.
When we consider large molecules, Ea is assumed to be equal
to the threshold energy for dissociation (E0).122 Unimolecular
dissociation rate constants (kdiss) are easily derived for BIRD
data. Once kdiss has been found at several temperatures, a plot
of ln kdiss vs 1/T provides the activation constant (Ea) and the
Arrhenius constant (A) for the dissociation of the precursor.
Figure 13 illustrates how these parameters are found from
BIRD data.

Copyright  2004 John Wiley & Sons, Ltd. J. Mass Spectrom. 2004; 39: 1091–1112



1108 L. Sleno and D. A. Volmer

The information gained from BIRD experiments can help
investigate the nature of the fragmentation mechanisms
involved. The pre-exponential factor for a unimolecular
reaction is

A D kbT
h

e

(
1C SŁ

0
R

)

where kb is the Boltzmann constant, h is Planck’s constant and
S0

Ł represent the entropy difference between the transition
state and the precursor structure. Direct bond cleavages
result in A values ranging from 1015 to 1018 s�1.123 Conversely,
rearrangements have much lower Arrhenius constants
(1010 –1013 s�1).123 Rearrangements have tight transition-state
geometries, hence their entropy factors are low. The opposite
is true for entropically favored simple bond cleavages.

Unfortunately, the working temperature for BIRD must
remain below 200 °C, since severe problems with the FTICR
can occur above this temperature, including an increase in
cryogen boil-off and a rise in pressure inside the ICR cell.124

Nonetheless, important information on the dissociative
properties of ions trapped in the cell can still be gained
in this limited temperature range. Another disadvantage of
BIRD is that very long times are needed (up to hours) to
equilibrate the ICR cell thermally to the desired temperature.
Also, experiments are not easily performed when initially
‘cold’ ions are needed, such as H/D exchange studies. As
a result, an alternative method has been deduced using
CO2 laser irradiation (IRMPD) for the determination of gas-
phase activation energies of biomolecules.124 Advantages of
this method include an increase in the ‘effective’ temperature
range and the application to a wider range of problems, since
heat is transferred extremely fast and therefore dissociation
is much more rapid. BIRD currently consists of the slowest
ion activation technique in MS/MS with heating times
ranging from seconds to several minutes.35 It is consequently
usually incompatible with coupled separation techniques,
such as liquid chromatography or capillary electrophoresis.
The most common application for BIRD is the calculation of
kinetic parameters of dissociation for large molecules, such as
oligonucleotides125 and proteins.119,126 Multiprotein complex
stabilities have also been examined by measuring the
temperature dependence of the dissociation rate constants.127

BIRD represents the only activation technique with a direct
thermal analogy for facile calculations of kinetic parameters.

CONCLUSION

The use of ion activation in MS/MS has evolved, over the
past 40 years, into a collection of several powerful techniques.
Historically, the dissociative properties of gaseous ions were
studied by fragmentations occurring either in the ion source,
by electron ionization, or by metastable decompositions
taking place during an ion’s flight from the source to the
detector. Once it was realized that a much wider range
of molecules could be analyzed by using soft ionization
techniques, the need for separate activation methods became
apparent. CID can currently be performed, at either low or
high collision energies, in all common MS configurations
and is the most frequently used approach for ion activation.

More recently, several innovative techniques have been
developed, each with its own specific advantages and
applications. SID is very similar to CID, but allows increased
control for energy deposition and can, at times, lead to
increased fragmentation, especially for large ions with high
dissociation thresholds. ECD is a unique technique for
the observation of non-ergodic dissociation behavior of
multiply charged cations and exhibits distinct fragmentation
mechanisms. IRMPD employs IR radiation, usually by the
use of low-power continuous-wave CO2 lasers, in order to
cause fragmentation of ions in trapping instruments. Finally,
BIRD can thermally activate ions in FT-ICR instruments.
It allows the determination of activation energies and
Arrhenius constants for dissociation reactions, and can
ultimately assist in the elucidation of specific fragmentation
mechanisms. These activation techniques can be used
separately or in combination to yield very interesting
and comprehensive results. Mass spectrometry has, in
our opinion, become the key enabling technology for
investigating biological and biochemical mechanisms today.
While it is in a constant flux with innovations, the availability
of a range of well-established ion activation technologies is
extremely useful in both fundamental studies and specific
applications.
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100. Håkansson K, Hudgins RR, Marshall AG, O’Hair RAJ. Electron
capture dissociation and infrared multiphoton dissociation of
oligodeoxynucleotide dications. J. Am. Soc. Mass Spectrom. 2003;
14: 23.
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APPENDIX 1.

List of Symbols and Physical Constants
A Arrhenius constant
B Magnetic field strength
S6D Entropy factor for the transition state
eV Electronvolt (1 eV D 96.48 kJ mol�1)
E Electric field strength
Ea Arrhenius activation energy
Ek Kinetic energy
Ecom Center of mass energy
Elab Laboratory collision energy
E0 Threshold energy
h Planck’s constant
k Rate constant
kb Boltzmann’s constant
m Mass of an ion
mp Precursor ion mass
mf Fragment ion mass
mŁ Apparent mass of metastable ions
n Number of vibrational degrees of freedom
N Mass of the neutral target
P6D Total number of states of activated complexes
�E Density of states of an ion at energy E
q Endothermicity
qz Contribution in z-direction of dimentionless parameter

in Mathieu equation
rb Radius of an ion’s trajectory in the magnetic sector
re Radius of an ion’s trajectory in the electrostatic sector
R Gas constant
T Temperature (K)
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� Frequency factor
� Frequency of photon
v Velocity of an ion
Vacc Accelerating voltage
z Charge state of the ion
Z Partition function for adiabatic degrees of freedom

APPENDIX 2.

Abbreviations
B Magnetic sector
BE Double-focusing sector in reverse geometry
B/E Product ion scan on double-focusing sector

instrument
B2/E Precursor ion scan on double-focusing sector

instrument
BIRD Blackbody infrared irradiative dissociation
BqQ Hybrid sector-quadrupole
CID Collision-induced dissociation
com Center of mass reference frame
E Electrostatic sector
EB Double-focusing sector in normal geometry
ECD Electron capture dissociation
EI Electron ionization
FTICR Fourier transform ion cyclotron resonance

IR Infrared
IRMPD Infrared multiphoton dissociation
IT Ion trap
MALDI Matrix-assisted laser desorption/ionization
MIKES Mass-analyzed ion kinetic energy spectroscopy
MS/MS Tandem mass spectrometry
MSn Tandem mass spectrometry in an ion trap (nth

generation MS/MS)
QET Quasi-equilibrium theory
Q Quadrupole
q Collision quadrupole in hybrid instruments

(operated in r.f.-only mode)
QqQ Triple-quadrupole
QqLIT Quadrupole linear ion trap
QqTOF Quadrupole time-of-flight
PSD Post-source decay
RETOF Reflectron-TOF
r.f. Radiofrequency
RRKM Rice, Ramsberger, Kassel, Marcus
SAM Self-assembled monolayer
SID Surface-induced dissociation
SORI Sustained off resonance irradiation
TOF/TOF Tandem time-of-flight instrument
TOF Time-of-flight
UV Ultraviolet
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