Learning Objectives

e Tandem MS — concepts and terminology

* Modes of operation

« Different instrumental platforms

» Methods of ion activation to induce dissociation
» Applications to analytical problems

» Versatile tool for gas phase ion chemistry

Electron ionization mass spectra show a wealth of fragment ion peaks allowing to
retrieve structural information, often though at the expense of abundance of the
molecular ion. For decades, EI has served as the one and only ionization method of
organic mass spectrometry. With the advent of soft ionization methods such as CI
or FD we just dealt with, spectra exhibiting minor or even no fragment ion signals
could be generated. While highly advantageous at first sight, in the long run, the
lack of structural information presents a severe drawback for analytical
applications. The development of numerous new techniques to store, manipulate,
activate, fragment, and re-analyze ions in the gas phase by means of mass spec-
trometry have been driven both by the desire to understand the energetics, reactiv-
ity, and detailed fragmentation pathways of ions and the strong need for techniques
to derive structural information from soft ionization mass spectra.

9.1 Concepts of Tandem Mass Spectrometry

The term tandem mass spectrometry, or briefly tandem MS, encompasses the
numerous techniques where mass-selected ions are subjected to a second mass
spectrometric analysis [1, 2]. Tandem mass spectrometry comprises the acquisition
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and study of the spectra of ionic products or precursors of m/z-selected ions, or of
precursor ions of a selected neutral mass loss. Tandem MS is also denoted as mass
spectrometry/mass spectrometry from which the common acronym MS/MS is
derived.

A mass spectrometer designed for MS/MS, also termed tandem mass spectrom-
eter, requires to incorporate at least two stages of m/z analysis, often referred to as
MS1 and MS2, respectively. Thus, many aspects of tandem MS are closely related
to instrumentation [3]. In retrospect, we recognize that tandem MS has already been
anticipated in some sections of the instrumentation chapter (Sects. 4.4.4, 4.5,
4.7.12,4.8.4 and 4.9). Here, more principal considerations of the topic will follow.

9.1.1 Tandem-in-Space and Tandem-in-Time

There are two basic instrumental concepts for MS/MS. The first is tandem mass
spectrometry in space (or tandem-in-space MS) [4]. In order to perform two
consecutive mass-analyzing steps, two mass analyzers may be mounted in tandem.
Thus, tandem-in-space refers to MS/MS instrumentation where product ion spectra
are recorded using spatially separated m/z analyzers. Specific m/z separation is
performed so that in one section of the instrument ions are selected, then dissociated
in an intermediate region, and the products thereof are finally transmitted to a
second analyzer for mass analysis (Fig. 9.1). All beam transmitting devices, e.g.,
multiple sector, ReTOF, TOF/TOF, QqQ, and QqTOF instruments follow this route
to tandem MS (Fig. 9.2) [5]. The second approach, tandem mass spectrometry in
time (or tandem-in-time MS), employs a single m/z analyzer (QIT, LIT, FT-ICR)
that may be operated by executing the discrete steps of ion selection, activation, and
product ion analysis in the very same place but sequentially in time [5].

In principle, both instrumental concepts can be expanded to allow for multiple-
stage mass spectrometry, i.e., multiple stages of precursor ion selection followed by
product ion detection for successive nth generation product ions [7]. While it is
convenient to talk about MS/MS, acronyms like MS/MS/MS are clearly out of
place. Therefore, it is common practice to use MS?, MS?, and generally MS” to
denote the number of stages of a tandem mass spectrometric experiment. Accord-
ingly, in the sequential fragmentation scheme
+

m — I‘Ilz+ — IT]3+ — 1’1'14Jr — I'[15+ (91)

my" is the precursor ion of ms”, my” is a Ist generation product ion of ms*, a 2nd
generation product ion of m,*, and also a 3rd generation product ion of m;*
[8, 9]. The corresponding spectra are analogously termed nth generation product
ion spectra.

Clearly, the vast majority of tandem MS experiments is designed to deliver
fragment ion data. Nonetheless, selected ions may also be allowed to react with
neutrals in ion—molecule reactions to form products with a gain in mass (Sect.
2.13):
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Fig. 9.1 Comparison of tandem-in-space and tandem-in-time MS. Obviously, higher order MS"
can be better realized by tandem-in-time setups, whereas tandem-in-space instrumentation is
usually designed for MS with MS? representing already the rare exception

T4n—omy’ (9.2)

Ion-molecule reactions can thus be conducted under carefully controlled
conditions. This sort of tandem MS is frequently employed in fundamental studies
of ion reactivity.

Tandem MS is highly variable

Obviously, tandem MS experiments can be adapted according to need. They
can set up as ion fragmentations, typically by energetic collisions of fast ions
with an inert gas (Sect. 9.3) or as addition reactions with an according
increase in precursor ion mass by addition of a reactive gaseous neutral
upon very low-energy collisions (Sect. 9.18). However, ion—neutral collisions
can even be soft and still nonreactive as exploited for thermalizing ions by
multiple low-energy collisions with a buffer gas (Sect. 4.4.4).
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Fig.9.2 Tandem-in-space setups for different beam instruments: (a) magnetic four-sector instrument
of EB-EB geometry, (b) magnetic sector—quadrupole hybrid of EB-qQ geometry, (c) triple quadrupole
(includes QqQ, QhQ, QoQ setups), and (d) ReTOF instrument. The line styles indicate — stable
precursor ions, - - - transmitted ions, and ------- non-transmitted fragment ions. Orange areas show the
region of analytically useful ion dissociations (Adapted from Ref. [6] with permission. © Elsevier
Science, 1994)

9.1.2 Pictograms for Tandem MS

To facilitate the evaluation of tandem mass spectra, the particular type of experi-
ment can be described by pictograms. Following a simplistic notation [7, 10, 11],
the chosen analyzer (or stage of experiment) may be indicated by ®, a scanning
analyzer (or stage of experiment) by O. Information such as precursor ion mass,
type of ion activation, or neutral loss may be indicated as required (Table 9.1).

Dissociations in transit through the mass analyzer may either occur spontane-
ously (metastable, Sect. 9.2) or can result from intentionally supplied additional
activation, typically from collisions with neutrals (Sect. 9.3). Below follows a
description of methods for activating or reacting otherwise stable ions in the
field-free region (FFR) between the first stage, m/z-selection (MS1), and product
ion analysis (MS2).

Thus, to include ionization mode, type of mass analyzers, scan mode, and
conditions of ion activation, a more elaborate set of pictograms has been suggested
by Lehmann (Fig. 9.3) [12]. Since then, such pictorial presentations of basic
experimental parameters are occasionally given along with tandem mass spectra.
Unfortunately, neither an authorized “character set” nor an update to include
current equipment and modes are available.
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Table 9.1 Pictogram symbols for tandem MS experiments [7]
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Neutral loss can be
indicated on arrow
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activation may be
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product ion analysis of m/z 465 generated
by negative ion Cl in a hybrid instrument,
He as collision gas at 800 V offset

positive ion ESI, product (daughter) scan of m/z 760
with Ar as collision gas at 25 V offset
using a triple-stage quadrupole

positive ion ESI, precursor (parent) scan of m/z 184,
with He as collision gas at 25 V offset
using a triple-stage quadrupole

positive ion ESI, neutral loss scan for loss of 98 D,
with Xe as collision gas at 20 V offset
using a triple-stage quadrupole

positive ion ESI, selected reaction monitoring (SRM)
for the fragmentation m/z 898 -> m/z 800

with Xe as collision gas at 20 V offset

using a triple-stage quadrupole

positive ion ESI, sCID at 50 V offset plus precursor
ion scan for m/z 211 with He as collision gas and
30V offset using a triple-stage quadrupole

negative ion ESI, product ion analysis of m/z 465
with He as collision gas at 25 V offset using a
quadrupol/orthogonal extraction TOF analyzer combination

positive ion ESI, product ion analysis of m/z 1000
using an ion trap

positive ion ESI, product ion analysis of m/z 902,
formed by CID of m/z 1000, using an ion trap

Fig. 9.3 Pictograms for tandem MS (Reproduced from Ref. [12] with permission. © Elsevier

Science Inc., 1997)
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Tandem MS modes are defined by mass analyzers

There is a close relationship between the type of mass analyzer and choice of
method of ion activation that can be applied to the respective instrumental
platform. It is therefore unfavorable to strictly separate the discussion of ion
activation from that of instrumental setups and their modes of operation.
Thus, the following passages of this chapter will reflect these mutual
dependences by alternating discussions of activation methods and instrumen-
tal details in a way that is supposed to deliver convenient access to the subject
matter.

9.1.3 Terminology for Tandem Mass Spectrometry
Here are the basic terminological conventions for tandem mass spectrometry [4]:

» The term tandem mass spectrometry or mass spectrometry/mass spectrometry
collectively describes mass spectrometric experiments where mass-analyzed
ions are subjected to fragmentations or ion—molecule reactions and the products
thereof are collected and mass-analyzed by a second stage.

¢ Instruments are accordingly referred to as tandem mass spectrometers; their
stages are denoted MS1, MS?2 etc.

+ Tandem MS is often abbreviated as MS/MS or MS?. Tandem MS experiments of
higher order are referred to as MS®, MS?, ... or generally as MS".

e Jons emerging from MS1 are termed precursor ions, those entering MS2 are
called product ions; in higher-order experiments, one may refer to them as nth
generation product ions. (The old terms parent ion and daughter ion are
deprecated.)

e Spectra are called tandem mass spectra (never MS/MS spectra).

9.2 Metastable lon Dissociation

The success of any tandem mass spectrometric experiment depends on the occur-
rence of some kind of reaction between the consecutive steps of precursor ion
selection and product ion analysis. This demands that ions entering the zone and/or
period for reaction either possess or receive sufficient internal energy for doing so;
alternatively, a partner for reaction may be presented.

As dealt with in Sect. 2.6, ions reacting sufficiently fast to dissociate while
transiting the analyzer are termed metastable ions [13]. In classical beam
instruments, this is correlated to lifetimes of roughly 10°-107% s, and thus, requires
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rate constants of unimolecular dissociation in the order of 10°~10° s~. El, CI, and
MALDI can provide a respectable fraction of ions, as to say in the afterglow of the
ion source, falling into this range of internal energy and therefore into the lifetime
of metastable decomposition. The fraction of metastable ion dissociations occurring
in the field-free region (FFR) between MS1 and MS2 is accessible by means of
tandem MS. Ions fragmenting during the very step of mass analysis are lost.

Itis a generally accepted assumption that metastable ions possess internal energy
only slightly above threshold of ion dissociation. Interestingly, there are still
differences even among metastable ion populations, depending on whether they
are observed in close proximity to the ion source (1.FFR) or further away (2.FFR).
Metastable ion spectra represent one of the indispensable tools for studying the
mechanism and thermochemistry of ion dissociations [13, 14]. Examples are given
in the section on tandem MS on magnetic sector instruments.

9.3 Collision-Induced Dissociation

Even though collisions of ions with neutral gas atoms or molecules appear contra-
dictory to the conditions of high vacuum, most mass spectrometers are equipped
(or can be upgraded) to allow for their study. Consequently, fundamental and
analytical studies make use of activating or reactive collisions within the mass
spectrometer. The most prominent collision technique is collision-induced dissoci-
ation (CID) [15, 16]; the terms collisionally activated dissociation (CAD) or
collisional activation (CA) are also being used. CID allows for the fragmentation
of gaseous ions that were otherwise perfectly stable. Thus, CID is especially useful
for elucidating the structure of ions of low internal energy as for those created by
soft ionization methods.

9.3.1 Effecting Collisions in a Mass Spectrometer

CID is generally realized by passing an ion beam through a collision cell where the
collision gas (He, N,, Ar) is set to a pressure considerably above that of the
surrounding high vacuum. This can be achieved by introducing the gas via a needle
valve into a comparatively tight compartment with narrow entrance and exit slits
for the ion beam (Fig. 9.4). A nearby vacuum pump removes effusing gas, thereby
creating a differentially pumped region, due to the lack of laminar flow at some 10~
Pa. Instead, expansion of the gas is diffusion-controlled. The reading of a pressure
gauge can serve to reproduce the pressure adjustment, but it does not show the
actual pressure inside the cell [17].
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Fig. 9.4 Schematic of a collision cell for CID experiments in a beam instrument. Ions mass-
selected in MS1 enter from the left

9.3.2 Energy Transfer During Collisions

The collision of an ion AB™ carrying some kiloelectronvolts of kinetic energy with a
neutral N takes about 107 s. This allows to apply the assumptions of QET
analogously to electron ionization (Sect. 2.1) [14, 18-21]. The collision-induced
dissociation of AB™ can therefore be regarded as a two-step process [22]. First, the
activated species AB*" is formed. Second, after randomization of the internal
energy has occurred, AB*™* will dissociate along any fragmentation pathway avail-
able at this specific level of internal energy:

AB" +N— AB™ +N - A" +B+N (9.3)

The internal energy Eap.+ is composed of the internal energy prior to the
collision, Eap,, and of the amount of energy Q transferred during the collision:

Eagyx = Eap+ + 0 (9.4)

Thus, the collision marks a restart of the time scale for the activated ion. As Q >
E Ap+ generally holds, the internal energy prior to the collision is of minor relevance
— though not generally negligible — for the behavior of the activated ion. As may be
expected, the CID spectra of stable molecular ions exhibit marked similarity to the
70-eV EI spectra of the respective compounds [15, 16].

CID causes vibrational excitation Except for the intensities relative to the pre-
cursor ion, the B/E-linked scan CID spectrum of the toluene molecular ion, m/z
92, closely resembles the 70-eV EI mass spectrum (Fig. 9.5; for EI cf. Sect. 6.4.3).
Here, all fragments are due to CID because the molecular ion was generated by field
ionization and did not show any metastable decomposition, i.e., Eog, = 0 and

Epper = Q.


http://dx.doi.org/10.1007/978-3-319-54398-7_2#Sec1
http://dx.doi.org/10.1007/978-3-319-54398-7_6#Sec27

9.3 Collision-Induced Dissociation 547

100 - * 50 F*10 92 M*,
90 - 91
80 -

65

relative intensity [%]
(&)
o
L

40
63
30 1 39 51
10 4 J
0 “J] L _Ll _IJ l L L l . |
35 40 45 50 55 60 65 70 75 80 85 90 m/z

Fig. 9.5 CID spectrum of toluene molecular ion, n/z 92 (E\,, = 10 keV, B/E = const. linked scan
on magnetic sector instrument (cf. Sect. 9.6.4), collision gas He at about 50% transmission)

The absolute upper limit for the value of Q is defined by the center-of-mass
collision energy, Ecy [18, 19],

my
Ecy = Epap————— 9.5
my —+ map ©:3)
where my is the mass of the neutral, map the mass of the ion, and Ej s, the ion
kinetic energy in the laboratory frame of reference.

Laboratory frame of reference

E; AB, the ion kinetic energy in the laboratory frame of reference, simply
represents the kinetic energy of the ion as received from passing through an
acceleration stage that defines its kinetic energy, e.g., a singly charged ion
initially at rest will have E; og = 10 eV after passing through a potential of
10 V. The collision event of the ion—neutral pair, however, is also determined
by both ion mass, mp, and neutral mass, my;, as expressed by the ratio my /
(mn + mag). The neutral is commonly treated as being at rest, which is a good
approximation for the collision gas at thermal energy.

For a polyatomic ion consisting of both the atom B actually, involved in the
collision process, and the remainder A, the maximum of Q is calculated to have a
lower value than Ecy;. Assuming central collisions we obtain [19]:

2
my

Eint max = 4E, _ 9.6

t ma LAB M Mp <mAB (mB +mN)> ( )
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However, most collisions are not “head-on”, but occur at some angle 0. Increas-
ing mag makes E;, max decrease, whereas larger my is beneficial for energy transfer.
In CID-MIKES the center of the peak is shifted to the low mass side, i.e., to the
low ion translational energy side, because the uptake Q originates from a loss in
Ey ap [23-28]. The relationship between AE; o5 and Q can be expressed as [25]:

AE YmugkE Eirs — AE
0 — DL (mas +my) _ K ma LAB) (1 _ ucoseﬂ 9.7)
my my Erap

Several conclusions can be drawn from Eq. 9.7:

e QO has a broad distribution (0—15 eV) due to variations in € and typically is in the
order of some electronvolts [29].

¢ Up to a certain ionic mass, the neutral penetrates the incident ion, i.e., the
activated ion leaves the neutral behind (forward-scattered ion), but beyond the
limit (> 10° atoms) the neutral is expelled in the direction of ion motion
(backward-scattered ion) [25].

¢ Atabout m/z 1500 the translational energy loss is fully converted into vibrational
excitation of the ion (AE1 Ag = Q).

* Q decreases beyond m/z 1500, thus explaining the difficulties in fragmenting
heavy singly charged ions by CID (Fig. 9.6) [21, 25, 30].
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energy

_—
w
o
T

20

Energy / ev

forward-scattered ion backward-scattered ion

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 )
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Incident lon Mass /u  —>

Fig. 9.6 The relationship between Ecyy, AET o, and QO (Adapted from Ref. [25] with permission.
© Verlag der Zeitschrift fiir Naturforschung, 1984)
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Selection of collision gases

In magnetic sector and TOF instruments, He is typically used as the collision
gas because Ejy max from high-energy collisions (keV) is still comparatively
large, and He reduces the risk of charge transfer due to its high /E. In the low
collision energy regime [19] of quadrupole and ion trapping instruments
(1-200 eV), heavier gases are frequently employed (N,, Ar, Xe) to make
CID more effective.

9.3.3 Single and Multiple Collisions in CID

Generally, the collision gas pressure is indirectly adjusted via the attenuation of the
beam of mass-selected ions undergoing collisions. As the so-called main beam
becomes increasingly attenuated, the probability for multiple collisions rises and so
does the yield of fragments resulting from high activation energy processes. In a
typical high-energy collision experiment a transmission of 90% for the main beam
translates into 95% of the colliding ions to undergo single collisions while only
about 5% encounter double collisions. At 50% transmission, about 68% of the
colliding ions encounter a single, 23% two, and the remaining even three and four
collisions (Fig. 9.7) [17]. To achieve sufficient activation of the ions in the
low-energy collision regime, elongated collision cells are employed where Q is
accumulated from numerous collision events.

In beam-type analyzers, the collision event leading to ion activation can be
considered in terms of the Lambert-Beer law, because the precursor ion beam flux
[M,]o is exponentially reduced when passing through a collision chamber of length
[ containing gas at target number density n

Mp] = [M], x e (9.8)

where o is the collision cross section of the event [31].

In tandem-in-time experiments as performed in trapping instruments a descrip-
tion in terms of rate constants and reaction times is more appropriate, which leads to
the expression

[Mp], = [Mp],, x e " (9-9)

where ¢ is the activation time span, and £ sums the rate constants of all processes
leading to reduction in [Mplo, i.e., it includes fragmentation and scattering
losses.
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Fig. 9.7 Total collision probability P, (left ordinate) and fractions of single, double, triple, and
quadruple collisions vs. collision gas pressure. The transmission of the main beam /; is given on the
right ordinate. Dotted lines mark beam transmission and collision probabilities for 90% and 50%
transmission, respectively. Values are calculated for an ion of collision cross section 5 x 107'® cm?
and 1 cm collision path; 1072 Torr = 1.33 Pa (Adapted from Ref. [17] with permission. ©) John
Wiley & Sons, 1985)

Adjusting the collision gas pressure

It has turned out that medium transmission is optimal for structure elucida-
tion. Too strong reduction of the main beam favors ion losses due to
scattering, charge exchange (M™ + N — M + N*") or charge stripping
processes (M*" + N — M?* + N**) instead of delivering additional structural
information.

9.3.4 Time Scale of lon Activating Processes

Collisions of energetic ions with gaseous molecules are very fast. Nonetheless,
there is a considerable variation of the effective activation period, i.e., single
collisions of ions of keV energy occur in the femtosecond range while those at
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eV energies tend to take picoseconds. If multiple collisions occur within one
activation stage, the time scale is extended, because the span between collisions
is then ruling the overall duration. Other activation techniques go along with even
millisecond to second time spans (Fig. 9.8) [31]; most of these techniques will be
addressed in this chapter [3]. While the fast ones can be treated by QET analogous
to the event of electron ionization, the slower processes (SORI-CID, IRMPD,
BIRD) tend to achieve an equilibrium of ion internal energy prior to dissociation.

Activation Time [s] Activation Method

1016 —, . -
— 193 nm Photodissociation

fs 10-15 —
EID —
10-14 — keV Single-collision CID

10-18 —

SID
ps 1012 — eV Single-collision CID

10-11 —

1010 —
ns 100 —
108 —
107 —
us 106 —

I:keV Multiple-collision (beam) CID

105 —
I:eV Multiple-collision (beam) CID

104 —

ms 103 —

102 —
I:Ion trap CID

101 —
I:ICR SORI-CID cw IRMPD

s 100 —
101 —

BIRD
102 —

h 103 —

Fig. 9.8 Time scale of ion activation processes for tandem mass spectrometry (Adapted from Ref.
[31] with permission. © Wiley & Sons, Ltd., 1997)
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2.4 Surface-Induced Dissociation

Collisions with solid surfaces can be employed to induce dissociation of the
incident ions similar to collisions with gaseous collision partners. This technique
has become known as surface-induced dissociation (SID) [32, 33]. In SID, ions of
some tens to a hundred electronvolts of kinetic energy are collided with a solid
surface at an angle of about 45°. By variation of the SID target potential, the SID
setup allows to control the energy of the incident ions, and therefore to adjust the
degree of fragmentation. The first SID setup employed a linear quadrupole mass
analyzer at right angles to the incident ion beam for fragment ion analysis (Fig. 9.9)
[32, 34, 35].

SID conditions can be tuned to deliver spectra resembling either high- or
low-energy CID spectra [32]. The absence of collision gas presents an advantage
of SID over CID because losses of resolution due to high background pressure are
avoided. However, apart from the quadrupole ion trap [36], SID requires substantial
modifications of the instrumental hardware.

Fluorinated self-assembled monolayers (FSAM) are frequently employed
surfaces for SID which are prepared on thin gold layers applied onto glass slides
[37]. The perfluorinated alkyl groups in the top layer of the SID target serve to
reduce ion losses by neutralization and improve energy transfer to the incident ions.

SID was never commercialized, and thus, SID lags behind the countless
applications of CID. Nonetheless, SID is still developed further and implemented
in modern instruments [37—41]. The Waters Synapt G2 may serve as an example
(Fig. 9.10 and Sect. 4.10.4). In this particular instrument, the original transfer
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|11 || ¢ O|||==
AAx M
Q1L4 Q1L5 QLS
Q3
ABt
Shield > — — —— EXit Aperture DEFLECTION

e

TARGET

AB*

At, Bt
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Fig. 9.9 Apparatus (/eft) and modes of operation (right) for SID with a modified triple quadrupole
mass spectrometer (Reproduced from Ref. [34] with permission. © Elsevier Science, 1987)
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Fig. 9.10 Waters Synapt G2 modified to incorporate a SID device in front of the transfer TWIG.
(a) Setup of the instrument (dimensions of the ion optics are not to scale). (b) 3D perspective view
of the SID device assembly. (¢) Cutaway views of a SIMION simulation showing the ion paths in
transmission mode versus SID mode. The voltages on the SID lenses are given relative to the
potential on the transfer TWIG (Reproduced from Ref. [40] with permission. © American
Chemical Society, 2012)

TWIG (Sect. 4.10.3) was truncated to accommodate the SID device. The SID
device itself comprises several compact electrodes to focus and deflect the entering
ion beam onto the collision surface that is aligned parallel to the beam. The optimal
voltages in SID experiments vary at different collision energies [40]. Switching off
the deflection voltage also allows for transmitting ions through the SID device
without collisions to the surface.

The reason for prefering SID over CID lays in the different processes of energy
transfer to the precursor ions. Low-energy CID as used in modern hybrid
instruments leads to vibrational excitation of the precursor ion via multiple
collisions. SID, in contrast, causes energy to be impacted during a single fast
event [37, 38]. The simplified reaction pathway for dissociation of a noncovalent
protein complex via CID or SID illustrates how in CID multistep activation permits
time for structural rearrangement, finally resulting in the formation of an unfolded
subunit (Fig. 9.11). In SID, rapid energy deposition is proposed to induce dissocia-
tion faster than protein unfolding via different dissociation pathways [37].

Such differences in product ion formation are always observed when switching
from very fast energy uptake (EI, high-energy CID, ECD) to slow heating
(low-energy CID, SORI-CID, IRMPD, Sect. 9.3.4) [42]. Generally, pathways
having high activation barriers are only accessibly by fast energy transfer, while
slow heating fosters the selection of low-energy transition states.

Subunits of human serum amyloid P Human serum amyloid P (SAP) is a
glycoprotein with an oligomerization behavior that is strongly dependent on the
conditions in solution. It occurs in both a compact and a less compact SAP decamer
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Fig. 9.11 Comparison of CID and SID experiments illustrating the differences in energy uptake
(top) and the effect on fragmentation of a noncovalent protein complex. The reaction coordinate
(bottom, x axis) is plotted versus energy (y axis). The actual energies needed and achieved, and
numbers of rearrangements or of noncovalent bonds broken are, of course, unknown (Reproduced
from Ref. [37] with permission. © American Chemical Society, 2009)

protein complex. These SAP decamers have been examined by CID at 160 V
collision offset and by SID at 120 V offset. CID and SID spectra using the
instrument shown in Fig. 9.10 reveal different product ion distributions
(Fig. 9.12) [40]. However, the CID spectra of the two decamers are almost identical
while their SID spectra show marked differences that help in distinguishing the
complexes.

9.5 Tandem MS on TOF Instruments
9.5.1 Utilizing a ReTOF for Tandem MS

Consider an ion m;* decomposing in transit through a field-free region. Its kinetic
energy is distributed among the product ion m," and the neutral fragment n
according to their relative contribution to the mass of the precursor ion:

m; m;
Ekin(m2+) = Ekin(mlJr)m_? and Ekin(n) = Ekin(m1+) (1 - _2> (910)

il mj
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Fragment ions generated on the flight from the ion source to the reflector will
have kinetic energies lower than intact precursor ions (Fig. 9.13). While the kinetic
energy changes upon dissociation, the ion velocity remains constant, as already
noted in the discussion on linear TOF (Sect. 4.2.3). A reflector is capable of
handling ions bearing down to 70-90% of the energy to which it has been adjusted
(0.7-0.9 X Eyinmi+))- Stepwise reduction of the reflector potential allows acquisi-
tion of partial fragment ion spectra each covering several percent of the precursor
ion mass [6, 43, 44]. Piecing the data together yields a spectrum of the product ions
formed by metastable dissociation of m;*. To cover the range from m; to 0.1 x m;;
the reflector must be stepped down from its potential Vj, to 0.1 x V in some 10-20
increments.

For tandem MS, the ReTOF analyzer itself only provides the field-free region
and MS2 of the setup. Without further modification, the metastable dissociations of
all potential precursor ion species leaving the ion source would be detected simul-
taneously and overlapping.

The precursor ion selection (MS1) follows a simple — although technically
demanding — principle, i.e., a deflector electrode is placed adjacent to the flight
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Fig. 9.13 Explanation of PSD fragments in MALDI-ReTOF spectra. (a) The occurrence of peaks
due to ions of different origin is indicated above the schematic in the MADLI spectrum of a
mixture showing [M+H]" ions of substance P, m/z 1348, bombesin, m/z 1621, melittin, m/z 2848,
and ACTH, m/z 4568. (b) The PSD mode translates the diffuse fragment ion peaks into analytically
useful signals. While the precursor ion and fragments of closely related mass penetrate deep into
the reflector, those ions resulting from larger neutral losses return in the fringe field close to the
reflector entry and are not properly focused onto the detector. To make these ions enter the useful
reflector region, the reflector potential needs to be stepped down to successively lower values
(Reproduced from Ref. [43] with permission. © John Wiley & Sons, Ltd. 1992)

path. To select precursor ions, ions below the selected precursor m/z value are
electrostatically deflected, then the deflector is briefly turned off to transmit the
precursor ions, and finally the high voltage is switched on again to deflect ions of
higher m/z. As the deflector gate is located rather close to the ion source, it acts as a
short TOF analyzer providing only moderate precursor ion resolution. An early
velocity-dependent ion selector has been introduced by Bradbury and Nielsen, thus
often called Bradbury-Nielsen gate [45]. In modern instrumentation the term timed
ion selector (TIS) is commonly used for the precursor ion-selecting device. The

entire procedure has become known as fragment analysis and structural TOF
(FAST) [6, 43, 44].
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Despite the comparatively poor precursor ion resolution and being a time- and
sample-consuming FAST procedure, MS/MS of post-source decay (PSD) ions
on the ReTOF has been one of the major tools of early MALDI biomolecule
sequencing for ions in the m/z 500-3000 range. However, since the advent of
tandem TOF instruments, the application of the FAST methodology has become
rather rare.

Odd terminology

In particular the MALDI-TOF community has coined some sort of own
terminology, e.g., in-source decay (ISD) for all fragmentations occurring
within the ion source, post-source decay (PSD) instead of metastable ion
dissociation, and fragment analysis and structural TOF (FAST) for the
specific mode of operation of a ReTOF to detect metastable ions.

Historic remark on metastable ions in ReTOFs

Methods for the detection of metastable ion dissociations in ReTOF-MS in
combination with secondary ion mass spectrometry (SIMS) and ***Cf plasma
desorption (***Cf-PD) mass spectrometry were known before the advent of
MALDI [46-49].

9.5.2 Curved-Field Reflectron

The laborious stepwise acquisition of PSD spectra can be avoided by using by the
curved-field reflectron [50-53]. It offers advantages in speed and simplicity of
operation when metastable fragmentations are to be studied, as in peptide sequenc-
ing by MALDI-TOF. Shimadzu employs curved-field reflectrons in the Axima
series of MALDI-TOF instruments.

The curved-field reflectron extends over a long section of the flight tube, where it
creates a nonlinear electric field that increases with its depth by steadily increasing
the voltage difference between a comparatively large number of lenses. This type of
ion reflector is capable of simultaneously focusing PSD fragments over the entire
range of kinetic energies from 0.1-1.0 X Eyinmi+). As it acts as a divergent ion
mirror, it causes more ion losses as compared to two-stage reflectors.

The curved-field reflectron of a coaxial ReTOF instrument occupies a large
portion (D) of the total flight path (s = /; + D). A prototype instrument used
86 lens elements whose voltages were set by 85 precision potentiometers located
between them (Fig. 9.14) [52]. The distance /; between ion source and reflector
entrance provided a sufficiently field-free flight path for metastable dissociations.
To enhance fragmentation of precursor ions via CID, a collision cell can be placed
anywhere in the short flight path in front of the precursor ion-selecting gate [53].



558 9 Tandem Mass Spectrometry

Iy reflectron
|
T i i o]
| . ] e ! Y
ion source I 1 ]
gate detector D

Fig. 9.14 Coaxial curved-field reflectron TOF spectrometer. The total length is about 1 m
(Adapted from Ref. [52] with permission. © John Wiley & Sons, 1995)
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Fig. 9.15 Tandem TOF analyzer with linear TOF1 and ReTOF2. The ions from TOF1 are m/z-
selected by a timed ion selector, decelerated, fragmented by CID, accelerated, and then passed into
ReTOF2 (Reproduced from Ref. [54] with permission. © Elsevier Science, 2002)

9.5.3 Tandem MS on True Tandem TOF Instruments

Both limited precursor ion resolution and the need for stepwise acquisition of
tandem mass spectra have driven the development of TOF/TOF instrumentation.
Here, the MS1 functionality is achieved by a distinguished short linear TOF
analyzer delivering ions mi/z-selected by a timed ion selector (TIS) to a collision
cell from where fragments are accelerated in a well-defined manner into the second
flight tube that belongs to a ReTOF system. The first commercial TOF/TOF
instruments of that class were available from Applied Biosystems [54] and Bruker
Daltonik [55, 56]. Although differing in detail, the basic idea of these TOF/TOF
instruments is to operate TOF1 at comparatively low acceleration voltage and to
accelerate fragment ions into a high-resolving ReTOF acting as MS2 designed to
analyze ions of 20-27 keV kinetic energy (Fig. 9.15).

The lower velocity of precursor ions in TOF1 does not only simplify the
operation of the TIS, it also permits sufficient time for the ions to dissociate
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(10-20 ps) [56] and it results in a narrow spread of the kinetic energies of the
fragment ions arising thereof. After fragmentation, typically enforced by CID [57],
the ions are passed into a second acceleration stage located behind the collision cell.
By “lifting” all ions by a certain amount of kinetic energy, their relative spread in
kinetic energy is reduced. For example, a precursor ion of 5 keV might yield
fragments having 0.5-5 keV. Addition of another 15 keV to all fragment ions
lifts them to 15.5-20 keV. In fact, the assembly comprising collision cell and
acceleration lenses acts like a second DE ion source. Given a reflector of sufficient
energy acceptance they can be analyzed without tedious stepping of the reflector
voltage. The Bruker system employs 8-keV ions in TOFI that are accelerated by
another 19 kV after collision. For standard MALDI-MS operation, the ions are fully
accelerated in the ion source and the TIS—collision cell-LIFT assembly is switched
off (grounded). The Applied Biosystems instruments decelerate mass-analyzed ions
to 1-2 keV prior to CID and then accelerate them to 20 keV for the ReTOF. Both
concepts make use of delayed extraction for each stage and both require a metasta-
ble ion suppressor in the tube between collision cell and reflector. The metastable
ion suppressor deflects precursor ions having survived the CID cell analogous to the
TIS operation, because the 2.FFR metastable ions would otherwise interfere with
the spectrum in the same way as shown in Fig. 9.13 [53, 57].

9.6 Tandem MS with Magnetic Sector Instruments

There are multiple ways of detecting metastable and collision-induced dissociations
with magnetic sector instruments [13]. In fact, the whole phenomenon of so-called
“diffuse peaks” in mass spectra was discovered with this particular type of mass
analyzer (Sect. 4.3.2). In the mid-1940s, these broad signals were correctly
interpreted as ions decomposing in transit [58, 59]. Metastable ion spectra still
represent one of the indispensable tools for studying the mechanism and thermo-
chemistry of ion dissociations [1, 2, 13, 14].

9.6.1 Dissociations in the FFR Preceding the Magnetic Sector

Peaks from metastable ion decompositions are detected at non-integral m/z values.
Instead, the peak corresponding to a fragment m,* formed from m;* upon decom-
position in the field-free region in front of the magnetic sector is located at a magnet
setting m* which is described by the relationship m* = m22/m1 [58, 59]. This is
because dissociation in a field-free region (FFR) not only causes partitioning of ion
kinetic energy (Eq. 9.10), but also goes with partitioning of momentum p

iz (9.11)

Pm+) = p('"l+)m_n


http://dx.doi.org/10.1007/978-3-319-54398-7_4#Sec18

560 9 Tandem Mass Spectrometry

Fig. 9.16 Peak due to Il \

metastable NO loss of the o- i ; 5 f

nitrophenol molecular ion. I Vi |l

The multiple traces . /./““J "

correspond to different | | l";

amplifier settings of a multi- H A fl A
channel recorder (Adapted |: I f‘: | AN N | il
from Ref. [60] with I A /_/ hv\,n\-._...,___) e
permission. © Verlag der _/{ 15_{;___,-/\_,__&_\‘&_&—-——:)}:
Zeitschrift fiir ——A

Naturforschung, 1965) 83 84 85 36 87 oy 88

Due to conservation of velocity, i.e., vi = v, = v, the momentum of a fragment
ion m," formed in a FFR preceding the magnetic sector is different from that of such
a fragment ion arising from the ion source. The ion formed by metastable ion
dissociation thus passes the magnet as if it had the virtual mass m*

2
mx =2 (9.12)
my

This explains “diffuse” peaks at fractional m/z values in the B scan spectra of B
and EB instruments as a result of metastable ion dissociations [58, 59]. In turn, the

mass spectra obtained from BE instruments do not show any metastable ion peaks
in normal operation.

Observation of a very broad peak The metastable decay of the o-nitrophenol
molecular ion, m/z 139, by loss of NO to yield the [M—NO]" ion, m/z 109, has been
studied on a single-focusing magnetic sector instrument (Fig. 9.16) [60]. The mass
spectrum shows a flat-topped peak of low intensity expanding over three mass units.
Some minor and narrow “regular” peaks corresponding to fragment ions formed
within the ion source are observed beside and on top of it. The peak due to the
metastable dissociation is centered at m/z 85.5 which can be explained by the
simple calculation m* = m,*/m; = 109%/139 = 85.5.

9.6.2 Mass-analyzed lon Kinetic Energy Spectra

Mass-analyzed ion kinetic energy spectra (MIKES) [61, 62] can be measured on
BE geometry instruments only. The precursor ion is selected by the magnet and
the fragments from dissociations of m," in the 2.FFR are analyzed by the ESA
due to their kinetic energy. This is possible because the kinetic energy of the
precursor is distributed among the product ion and the neutral. Derived from
Eq. 9.10 we have

Ey mp  mpV?

= = 9.13
Ey myp mpv? ( )
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Thus, scanning of the electric field (£ scan) yields an energy spectrum which
allows for the determination of the kinetic energy release (KER) from the peak
width. The MIKE technique provides good precursor ion resolution, but poor
product ion resolution due to the influence of KER on peak shapes.

Abscissa of MIKE spectra

In MIKES E; represents the full electric field necessary to transmit the
precursor ion m;" through the ESA, and E; is often denoted as starting
value E,. Then, the abscissa of MIKE spectra is divided into units of E/E
= my/m,.

9.6.3 Determination of Kinetic Energy Release

We just saw that peaks due to metastable ion dissociations are much broader than
“regular peaks (Fig. 9.16). In Sect. 2.8 we dealt with the activation energy of the
reverse reaction, E,;, and energy partitioning as the thermochemical reasons for the
occurrence of kinetic energy release (KER). The peak broadening is caused by the
kinetic energy from KER grafted onto the kinetic energy of the ion beam as it passes
through the mass analyzer. Due to the free rotation of the dissociating ion, there is
no preferred orientation of this superimposed motion. Given a suitable experimen-
tal setup of the analyzer system that allows to obtain a kinetic energy spectrum, the
x-component of KER, i.e., along the flight axis, can be calculated from the peak
width of metastable ion decompositions. Mass-analyzed ion kinetic energy spec-
trometry (MIKES) is an established technique for doing so (Fig. 9.17). The peak
width at half height is related to KER by [13, 14]:

2
r="m2U ¢ <¥> (9.14)

16n E

where T is the average kinetic energy released, m, is mass of the fragment ion, n the
mass of the neutral, U, the acceleration voltage, e the electron charge, E gives the
position and AE the width of the peak on the kinetic energy scale. Correction of the
width of the metastable peak, Wsomera, for the width of the main beam, wsomain,
should be applied for smaller values of T [63, 64]:

W50corr = \/W50meta2 - WSOnwzin2 (915)

KER of McLafferty rearrangements The observed KER values and also peak
shapes may change dramatically as E,. decreases (Fig. 9.17). In the McLafferty
rearrangement of immonium ions (Sect. 6.12.1) the leaving alkene grows from
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Fig. 9.17 Effect of decreasing E, on KER. The peaks from MIKE measurements result from the
m/z 58 ion product ion of alkene loss via McL (ethene to hexene) from homologous iminium ions.
The KER is determined from peak width at half height

ethene to hexene as the substituent varies from propyl to octyl. Nonetheless, the
mechanism of the reaction by which the product ion at m/z 58 is formed remains
unaffected [65] (Scheme 9.1).

Adjusting to an established standard

Before performing KER measurements, a “calibration” of the instrument
(al parameters) against a well-established standard is recommended.
Allylmethylether molecular ions, for example, decompose to yield three
peaks of different shape and position in the spectrum [65-67].

9.6.4 B/E = Const. Linked Scan

Ions decomposing in the 1.FFR of BE and EB instruments can be detected using the
B/E = const. linked scan [68]. Due to the proportionality of B and p (r,, = mv;/gB)
ions are transmitted through the magnet if

By _mv_pr_ma (9.16)
By mpyv p omy
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where m; and m, denote the masses of the precursor and the product ion and v is
their equal velocity. For their subsequent passage through the ESA, Eq. 9.13 has to
be satisfied. Therefore, we have for the passage through both fields

B, E;, m
B, E m (9.17)
which defines the conditions for a scan as B/E = const. Thus, B and E have to be
scanned together, i.e., in a linked fashion. The B/E = const. linked scan provides
good fragment ion resolution (R ~ 1000) but poor precursor ion resolution (R ~
200). As with all linked scans, there is a risk of artefact peaks [69-72] because
linked scan techniques represent no true tandem MS where MS1 and MS2 are
clearly separate. The use of two complementary scan modes is therefore suggested
to avoid ambiguities [70].

9.6.5 Additional Linked Scan Functions

Whereas TOF instruments solely allow for the detection of product ions of a
selected precursor, sector instruments offer additional modes of operation: (i) to
exclusively identify product ions of a particular precursor ion, so-called precursor
ion scans [73, 74], or (ii) to detect only ions formed by loss of a specific neutral
mass, so-called constant neutral loss (CNL) scan [75]. This can be achieved by
some technically more demanding linked scans (Table 9.2) [76-79].

Table 9.2 Common scan laws for the detection of metastable ion dissociations on magnetic
sector mass spectrometers

Selected KER from Analyzer
mass Scan law peak width? | and FFR | Properties
m B = B, and E/E, Yes BE Mass-analyzed ion kinetic
= my/my 2.FFR energy spectrum (MIKES), E is
scanned
m BJE = Boy/Eo No BE or EB | Linked scan, poor precursor but
i.e., BIE = const. 1.FFR good product ion resolution
o B%E = Bzz/EO Yes BE or EB | Linked scan, poor product but
i.e., BZ/E = const. 1.FFR good precursor ion resolution,
demands precise control of B
my B> X E = Bo@y x Ey | No BE Linked scan, resolution
ie., B? x E = const. 2.FFR controlled by that of B, needs
precise control of B
my, (BJE) x [1—(E[E)]'? | No BE or EB | Constant neutral loss (CNL),
i.e., E/Eq = my/m, 1.FFR linked scan
= 1-(my/my)

All scans listed use constant acceleration voltage U. Scanning of U offers additional scan modes.
However, scanning of U over a wide range causes detuning of the ion source



564 9 Tandem Mass Spectrometry

109
n 194 197

137

J At JMJL

110 ' 200 m/z

Fig.9.18 CID B’E spectrum of the ion m/z 109 of a caffeinated softdrink (cola) with [D;]caffeine
as internal standard. Different brands yielded 73-158 mg ! (Adapted from Ref. [80] with
permission. © John Wiley & Sons, 1983)

Analytical use of the BE = const. linked scan The B?E = const. linked scan [74]
has been employed to quantify the caffeine content of coffee, black tea, and
caffeinated softdrinks [80]. Caffeine, M*" = 194, was determined by spiking the
sample with a known concentration of [Dj]caffeine, M™ = 197, as internal stan-
dard. Both molecular ions dissociate to form a fragment ion at m/z 109 which was
selected as m,*. Then, the precursor ion scan showed both molecular ion, m;* and
[Ds]m;*, as precursor of the ion at m/z 109. The ratio of peak intensities was taken
as a measure for the relative concentration of analyte and labeled standard
(Fig. 9.18). A modern approach would certainly involve a triple quadrupole instru-
ment (Sect. 9.7).

Scan into the past?

Precursor ion scanning suggests some sort of measuring into the past. One
should be aware that also in precursor ion scans the product ions are detected,
but this is accomplished in a way that only fragments of a selected precursor
ion mass can reach the detector, hence the term.

9.6.6 Multi-sector Instruments

Multi-sector instruments, typically four-sector machines, were developed in the
1980s to combine high precursor ion resolution with high fragment ion resolution
[81, 82]. Their major field of application was sequencing of biomolecules by
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FAB-CID-MS/MS. Commercial representatives are (were) the JEOL HX110/
HX110A (EBEB), the JEOL MStation-T (BEBE), or the Micromass AutospecT
(EBEBE). Today, all types of hybrid instruments have replaced these impressing
“dinosaurs” weighing some 4-5 tons and having about 3 x 5 m footprint. A few
custom-built four-sector instruments are still being used in laboratories devoted to
gas-phase ion chemistry [83].

FAB and peptide sequencing The FAB-CID-MS/MS spectrum of thymosin-T1
[M+H]" ions, m/z 1427.7, as obtained from a magnetic four-sector instrument [84]
shows numerous fragment ions due to N-terminal, C-terminal, and internal
fragmentations (Fig. 9.19) [85]. It would be almost impossible to obtain sequence
information from such a spectrum without generalizing rules to follow [86-91]. The
most abundant ions obtained from the fragmenting peptide ion usually belong to six
series named a, b, and c if the proton (charge) is kept in the N-terminus or X, y, and
z, respectively, where the proton is located in the C-terminal part. Within each
series the mass difference should only be one amino acid. Ideally, one can then
count down the amino acids.

Tandem MS for mixtures

One of the advantages of MS/MS techniques is that they do not require the
full isolation of all compounds of interest, because the precursor ion selection
of MS1 excludes accompanying ions from contributing to the CID spectrum
of the actually selected precursor ion as acquired by MS2 (Sect. 14.7).
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Fig. 9.19 FAB-CID tandem mass spectrum of thymosin-T1 [M+H]* ions, m/z 1427.7
(Reproduced from Ref. [85] by permission. (€' American Chemical Society, 1993)
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9.7 Tandem MS with Linear Quadrupole Analyzers
9.7.1 Triple Quadrupole Mass Spectrometers

Triple quadrupole mass spectrometers, QqQ, are becoming a standard analytical
tool for GC-MS/MS and LC-MS/MS applications, in particular for cases where
accurate quantitation is desired (Sect. 14.3). Ever since their introduction [92-94],
they have continuously been improved in terms of mass range, resolution, and
sensitivity [95-97]. In early triple quadrupole mass spectrometers, Q; served as
MS1, followed by an intermediate RF-only quadrupole, q,, acting as “field-free
region” with ion-guiding capabilities for metastable dissociations or more often as
collision cell for CID experiments, and finally Q3 to analyze the fragment ions
exiting from q, (Fig. 9.20). The transition of ions through the QqQ instrument is
normally supported by Einzel lenses in the gaps separating the quadrupoles
[98, 99].

Guidance requested

Collision cells of simple short tube design like in tandem TOF or magnetic
sector instruments (Sect. 9.3.1) cannot be combined with quadrupoles since
the ions are rather dispersed at the exit and would be lost upon further
collisional scattering.

In recent instruments, the collision region between MS1 and MS?2 is not anymore
an RF-only quadrupole, but a hexapole or octapole due to their steeper potential
well (Sect. 4.4.4), which greatly improves their ion-guiding capabilities as com-
pared to a true quadrupole. Today, most “triple quadrupole instruments” essentially
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Fig. 9.20 Schematic of an early triple quadrupole mass spectrometer (QqQ) (Reproduced from
Ref. [93] with permission. ©) Elsevier Science, 1979)
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present QhQ or QoQ designs. Since the introduction of the traveling wave ion guide
(TWIG, Sect. 4.10.2), there are also instruments featuring a Q-TWIG-Q geometry
like the Waters Xevo TQ-XS or the Waters Vion IMS-Q-TOF.

In MS/MS operation, the mass-selected ions emerging from Q; are accelerated
into the ion guide collision cell by a potential offset of typically 5-50 V where the
collision gas (N,, Ar) is provided at a pressure of 0.1-0.3 Pa. Careful optimization
of all parameters allows for major improvements of CID efficiency and resolution
[100]. If MS/MS is not intended, either Q; or Q3 may be set to RF-only mode,
thereby reducing its function to that of a simple flight tube with ion-guiding
capabilities. The instrument then behaves as though it was a single quadrupole
mass spectrometer.

QqQ in “normal” scanning

At first sight, there is no difference whether Q; or Qs is switched to RF-only
for MS mode. However, for EI it seems better to operate Q3 in RF-only mode.
Otherwise, the ion source would effectively extend up to the entrance of Q3
making fragment ions more abundant due to elongated time for dissociations.
Soft ionization methods do not show such differences.

9.7.2 Scan Modes for Tandem MS with Triple Quadrupole
Instruments

In triple quadrupole instruments Q, and Q3 are operated independently as MS1 and
MS2, respectively, making MS/MS straightforward. The experimental setups for
product ion, precursor ion, and neutral loss scanning are summarized in Table 9.3
and depicted in Fig. 9.21. Definitely, this instrument class offers the most easily
understandable tandem MS modes of operation.

Table 9.3 Scan modes of triple quadrupole instruments

Scan mode® Operation of Q, Operation of q, | Operation of Q;
Product ion, No scan, select m; Metastable or Scan up to m; to
define m, CID collect its fragments
Precursor ion, Scan from m, upwards to Metastable or No scan, select m,
define m, cover potential precursors CID

Constant neutral | Scan desired range Metastable or Scan range shifted by
loss, define n CID Am to low mass

*Masses for reaction m;* — m," +n
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Fig. 9.21 Scan modes of triple quadrupole mass spectrometers (Adapted from Ref. [101] with
permission. © Springer-Verlag, 2004)

9.7.3 Penta Quadrupole Instruments

The concept of the triple quadrupole instrument may be expanded by adding
another RF-only quadrupole and a third mass-analyzing quadrupole to build a
QqQqQ instrument. The penta quadrupole represents one of the rare tandem-in-
space concepts to achieve MS>. A commercial penta quadrupole instrument has
once been offered by Extrel, but remained fairly exotic. Nonetheless, the penta
quadrupole instrument may serve as a versatile tool for the study of gas phase ion
chemistry and in particular ion—-molecule reactions [102—105]. For the latter appli-
cation the effective spatial separation of the zone with neutral reagent from that of
preparation of the m/z-selected precursor ion presents a clear advantage over
tandem-in-time concepts.
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Ion traps are tandem-in-time instruments, i.e., they perform the steps of precursor
ion selection, ion activation, and acquisition of fragment ion spectra in the very
same place. This advantageous property allows the multiple use of a single QIT to
perform not only MS? but also MS® and higher order MS" experiments — indeed a
very economic concept. Depending on the abundance of the initial precursor ion, its
fragmentation behavior — and of course, on the performance of the QIT — MS®
experiments are possible [106].

In the QIT, MS" is accomplished by using appropriate scan functions for the
fundamental RF and the auxiliary modulation voltage (Sect. 4.6.7) [106—-108]. At a
sufficient level of sophistication, e.g., by combining slow and fast forward and
reverse RF voltage scans with suitable settings of the auxiliary voltage,
monoisotopic precursor ions can even be isolated in case of triply charged ions
(Figs. 9.22 and 9.23) [109]. The resonance excitation provided by moderate
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Fig. 9.22 The principle of isolation of a precursor ion by using forward and reverse scanning of a
QIT. Tons smaller than the precursor are ejected by exciting them above the stability limit at ¢ =
0.908, then settings are changed so that reduction of the RF amplitude causes ejection of the
heavier ions (Reproduced from Ref. [109] with permission. © John Wiley & Sons, 1992)
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Fig. 9.23 Sequence of changes of (a) RF amplitude, (b) auxiliary voltage amplitude, and (c)
auxiliary voltage frequency to first achieve a rough precursor ion selection, then a fine selection by
repetition at slow rates, followed by CID, and product ion scan (Adapted from Ref. [109] with
permission. © John Wiley & Sons, 1992)

auxiliary voltages can be employed to effect low-energy CID of the trapped ions
due to activating collisions with the buffer gas [110], i.e., no additional collision gas
is required in a QIT. A full description of the numerous approaches to continuously
improving scans can be found in the literature [109, 111-116].

Unfortunately, there is one major disadvantage of QITs for fragment ion analysis
in that they cannot simultaneously store ions over the full m/z range. It is a
commonly accepted property of QITs to loose ions below an m/z value of about
one third of the precursor ion. This phenomenon is known as low-mass cutoff
(LMCO) [116].

Tandem MS on a QIT The positive-ion electrospray tandem mass spectrum of the
[M+2H]** ion of the p-casein tryptic phosphopeptide FQpSEEQQQTEDELQDK
was obtained on a Bruker Esquire 3000 quadrupole ion trap (Fig. 9.24)
[101]. Sequential amino acid residue losses from both terminal ends of the peptide
are labeled according to the b- and y-ion nomenclature. Due to the phosphoserine,
the C- and N-terminal peptide ions (b3 — bys and y — y4) exhibit an increase of 80 u
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Fig. 9.24 Positive-ion electrospray tandem mass spectrum of the [M+2H]** ion of the p-casein
tryptic phosphopeptide FQpSEEQQQTEDELQDK as obtained upon HPLC coupling to a quadru-
pole ion trap (Reproduced from Ref. [101] with permission. © Springer-Verlag, 2004)

in mass as compared to the unphosphorylated form. In addition, most ions are
accompanied by the corresponding fragments from H3zPO, loss (98 u).

QIT for MS™ MS* on a QIT was used for the identification of beauverolides,
cyclic peptides from the fermentation broth of Beauveria bassiana, a pathogenic
fungus of insects [117]. All MS" (ESI-CID-QIT) experiments started from singly
charged [M+H]* precursor ions (Fig. 9.25).

Limitation of tandem-in-time

In contrast to tandem-in-space instruments, tandem-in-time instruments nei-
ther support precursor ion nor constant neutral loss scanning. While product
ion scans just need a precursor to be isolated prior to its fragmentation, both
precursor ion and constant neutral loss scan rely on the simultaneous appli-
cation of selection plus scanning or double scanning, respectively. Fulfilling
two criteria at the same time requires two distinct analyzers at work.
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Fig. 9.25 Sequence of ESI-CID-QIT mass spectra of a beauverolide: (a) MS? of [M+H]*, m/z
488, selected out of a full scan spectrum, (b) MS? of m/z 375 selected from (a), and (¢) MS* of m/z
304 selected from (b) (Adapted from Ref. [117] by permission. © John Wiley & Sons, 2001)

9.9 Tandem MS with Linear Quadrupole lon Traps

Mass spectrometers incorporating a linear quadrupole ion trap are highly flexible
instruments. As discussed in Sect. 4.5, there are two competing concepts available
on the market, one employing a LIT with axial ejection as part of a hybrid
instrument [118], and another, featuring a pure LIT design with radial ejection
[119, 120].

9.9.1 Tandem MS on QqLIT Instruments

The QqLIT design basically presents a triple quadrupole instrument having Q3
exchanged for a linear ion trap. As such, it offers all scan modes and properties
typical for QqQ instruments (Sect. 9.7) plus those additional ones that are enabled
by the LIT, i.e., higher-order tandem MS and combinations of ion accumulation and
subsequent scanning for enhanced sensitivity (Fig. 9.26) [118, 121-123].
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Fig. 9.26 Correlation of the instrumental setup of a QqLIT instrument (Applied Biosystems
Q-Trap series) with the description of its various scan modes. The upper part of the table lists scan
modes that are identical to triple quadrupole instruments, whereas the lower part contains those
unique to the specific instrument design (Reproduced from Ref. [118] with permission. © John
Wiley and Sons, Ltd., 2003)

Elucidating fragmentation pathways The fragmentation pathways of ions of
Trocade™, an anti-rheumatoid drug, [trocade+H]", m/z 437, were elucidated by
sequential tandem MS up to MS* on a QqLIT instrument (Fig. 9.27). The
protonated molecule first eliminates hydroxylamine, 33 u, to yield the acylium
ion fragment at m/z 404, which in turn cleaves off the imidazolidinedione substitu-
ent at the a-carbon prior to loss of CO from the fragment ion at m/z 262 [118].

9.9.2 Tandem MS on LITs with Radial Ejection
A single LIT alone offers tandem MS along the tandem-in-time route. Improved

trapping efficiency, more effective fragmentation, and trapping can be achieved
when the LIT is operated with a higher buffer gas pressure, while higher scan rates
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Fig. 9.27 Fragmentation pathways of [trocade+H]" ions, m/z 437, as elucidated by sequential
tandem mass spectrometry up to MS* on a QgLIT instrument (Adapted from Ref. [118] with
permission. © John Wiley and Sons, Ltd., 2003)

and resolving power are obtained at lower pressure. The recent dual-LIT design
introduced by the Thermo Fisher LTQ Velos™ series unites these requirements by
operating two identical LITs in tandem that are connected to the same RF and
auxiliary AC power supplies, whereas the DC offset for trapping is delivered
separately. Admission of the helium buffer gas into the high-pressure LIT allows
to reduce its pressure in the neighboring mass-analyzing LIT (Fig. 9.28) [119]. The
functional separation between the LITs not only allows to maintain unit resolution
up to a scan rate of 33,000 u s, it also more than doubles resolving power of the
single-LIT version up to 25,000 when operated at very slow scan rates over a
narrow m/z range. Such a dual-LIT design has also been incorporated in other
hybrid instruments of this manufacturer that make use of LITs as MSI
(LTQ-Orbitrap Velos™ [124], LTQ-FT Velos™).

In space or in time?

With the introduction of QqLIT and dual-LIT instruments, even the concepts
of tandem-in-space and tandem-in-time MS start to intermingle, because both
tandem characteristics are part of each of these instruments. Once more, this
demonstrates the ongoing highly dynamic development of mass spectrometry
instrumentation.
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Fig. 9.28 The Thermo Fisher LTQ Velos instruments have a dual linear ion trap, the first section
of which is operated at higher pressure (HPC), the second is run at lower pressure to achieve better
resolving power (LPC). The dual LIT design also increases the speed of operation, because the first
LIT can already prepare ions for the second while this is still mass-analyzing fragments from the
previous cycle (Reprinted from Ref. [119] with permission. © American Chemical Society, 2009)

9.10 Tandem MS with Orbitrap Instruments

The Orbitrap analyzer itself does not provide for a mode of tandem MS operation.
Instead, the steps of precursor ion isolation and dissociation are performed in a
dedicated LIT as MS1 (Sect. 4.8.4) prior to high-resolution and accurate mass
analysis of the fragments by the Orbitrap. Multiple-collision CID (Sect. 9.3) in
the LIT of the LTQ-Orbitrap instrument is sometimes not hard enough to achieve
fragmentation of comparatively stable precursor ions, e.g., it can be insufficient to
generate immonium ion fragments from protonated peptides.

9.10.1 Higher-Energy C-Trap Dissociation

One approach towards harsher CID is to use the C-trap as a collision cell simply by
raising the RF voltage from the standard setting of 1500 V peak-to-peak to 2500
V. The nitrogen present at about 1.3 x 10~ mbar is sufficient to serve as the
collision gas. After several oscillations, most of the precursor ions have undergone
dissociating fragmentation, and all ions accumulate in the middle of the C-trap
being confined by voltages on the gate aperture and trapping plate. This procedure
has been termed higher-energy C-trap dissociation (HCD, Fig. 9.29a) [125]. An
increase in RF voltage of the C-trap unfortunately goes along with a decrease in the
m/z range that can be stored simultaneously in the C-trap.

These disadvantages are avoided by attaching an RF-only octopole collision cell
with nitrogen at 5 mbar to the back end of the C-trap. To use this collision cell the
C-trap passes through the ions from the LIT rather than ejecting them directly
into the Orbitrap. This octopole collision cell provides fragment trapping over a
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Fig. 9.29 Schematic of the hybrid LIT-Orbitrap instrument indicating the electrostatic potentials
used in HCD and comparison of CID spectra. (a) HCD operation of the C-trap; (b) with an
additional dedicated octopole collision cell; (¢) CID spectrum of peptide [HLVDEPQNLIK+2H]>*
ions from HCD as in (a); (d) spectrum as obtained by setup (b). NL: intensity in counts normalized
to 1 s; TIC: total ion current (Reproduced from Ref. [125] with permission. © Nature Publishing

Group, London, 2007)
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wide m/z range. The fragments generated are then filled back into the C-trap,
thermalized, and transferred into the Orbitrap for final m/z analysis (Fig. 9.29b)
[125]. Such an instrument geometry is being offered as LTQ-OrbitrapXL™.

HCD for peptide ions Peptide ions, [HLVDEPQNLIK+2H]2+, m/z 653.36, were
selected as precursor ions, accumulated and isolated in the LIT until 10° ions were
reached. With HCD setup (a) spectrum (¢) was obtained. Using the dedicated
octopole collision cell as depicted in (b) delivered the spectrum shown as (d) that
exhibits stronger and more fragment ion signals in the lower m/z range. In particu-
lar, the immonium fragment ion of histidine can be observed at m/z
110 (Fig. 9.29) [126].

9.10.2 Extended LIT-Orbitrap Hybrid Instruments

It makes sense to extend the HCD geometry towards the dual-LIT MS1 to arrive at
an advanced hybrid instrument design that combines MS" in several modes with a
powerful final m/z analysis [124]. Such an instrument has become available in the
form of the Thermo Fisher LTQ Orbitrap Velos (Fig. 9.30). One of the most
important advantages of this instrumentation is speed for proteomics analysis,
e.g., within 1.0 s the dual-LIT can deliver five complete tandem mass spectra
simultaneously with the Orbitrap running one high-resolution accurate mass scan
of the whole m/z range.

Parallelized tandem MS in proteomics The coverage of the analyzed proteome
and the identification of peptides have been strongly coupled to the detection limits
and spectral acquisition rates of mass spectrometers. The spectral acquisition rate is
primarily limited by the duration of the ion accumulation and analysis steps.
Extensive parallelization of the acquisition process using a Q-Orbitrap-tandem
LIT analyzer (Orbitrap Fusion tribrid, Sect. 4.9) significantly increases the spectral
acquisition rate [127, 128]. The instrument’s architecture permits a multitude of

Electrospray lon Source S-Lens RF-quadrupole  RF-octopole High-Pressure Cell Low-Pressure Cell Multipole C-Trap HCD Collision Cell

Rl i =

=

—
Orbitrap '/
Mass Analyzer \ /

Fig. 9.30 Schematic of the Thermo Scientific LTQ Orbitrap Velos hybrid FT mass spectrometer
combining dual-LIT and HCD with an Orbitrap analyzer (Courtesy of Thermo Fisher Scientific,
Bremen)
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Fig. 9.31 Three processes running in parallel on the Orbitrap Fusion Lumos tribrid mass
spectrometer. (a) Schematic of the instrument, (b) parallelized operation of three modes. The
high-resolution accurate mass full scan of the Orbitrap takes several times longer (0.5 s) than
precursor ion selection by the quadrupole and subsequent fragmentation plus fragment ion analysis
in the tandem LIT (each ca. 0.06 s). The darker-colored narrow bars in the second row mark the
ion accumulation for the Orbitrap, whereas ion accumulation for MS/MS takes longer to provide a
larger precursor ion population to the tandem LIT (Reprinted with kind permission from Thermo
Fisher. © Thermo Fisher Scientific, Bremen, 2015)

operational modes that allow tandem MS experiments to be run in parallel while a
full range survey scan delivers accurate mass data of the next package of precursors
to be interrogated (Fig. 9.31). This mode delivers survey spectra at about 2 Hz and
tandem mass spectra of selected precursor ions at 15-20 Hz.

9.11 Tandem MS with FT-ICR Instruments - Part |

As ion trapping devices, FT-ICR mass spectrometers belong to the tandem-in-time
class of instruments. Precursor ion selection (MS1) is accomplished by selectively
storing the ions of interest, whereas all others are ejected by means of a suitably
tailored excitation pulse. For this purpose, the SWIFT technique [129] or correlated
sweep excitation (CHEF) [130, 131] are used (Sect. 4.7.7). Both methods generate
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tailored waveforms that cause excitation of all but the selected ions. Like QITs and
LITs, FT-ICR analyzers are also capable of MS".

Although hybrid designs such as Qh-FT-ICR or LIT-FT-ICR are prevalent in
modern FT-ICR instrumentation (Sects. 4.7.11 and 4.9.1), there is still the need for
tandem MS experiments inside the ICR cell. Its dedicated abilities of very precise
precursor ion selection, elongated ion storage in the order of tens of seconds, and
possibility to admit gaseous reactants to perform even slow ion-molecule reactions
make the ICR cell a unique tool [3].

9.11.1 Sustained Off-Resonance Irradiation-CID in ICR Cells

CID still is widely used as an activation technique for tandem MS in FT-ICR
instruments. The collision gas is admitted into the ICR cell through a pulsed
valve. To avoid detrimental effects of the collision gas on the ultra-high vacuum
of the ICR cell (=~107'% mbar) the gas is admitted from a low pressure vessel (=10
mbar) in short pulses (5-50 ms). While the admitted gas causes the cell pressure to
rise (~107® mbar), this still does not diminish the resolving power and mass
accuracy of FT-ICR to an extent that would negatively affect this type of experi-
ment. To further reduce the interference with collision gas, a pump delay (1-5 s)
can be inserted between CID and m/z analysis. Generally, a set of such cycles is
accumulated to obtain a spectrum.

For effective dissociation, CID requires that the ions collide sufficiently fast with
the collision gas. The increase in ion kinetic energy is classically effected by short
(0.1-0.5 ms) excitation at the cyclotron frequency of the precursor ion
[132, 133]. This is known as resonance excitation (RE). The uptake of kinetic
energy by resonance excitation occurs very fast, and thus, care has to be taken to
avoid ion ejection from the cell. On the other hand, RE offers access to fragmenta-
tion channels requiring comparatively high activation energy.

Nowadays, sustained off-resonance irradiation (SORI) has established as the
standard CID method in FT-ICR [134, 135], although there are others of compara-
ble effect [136, 137]. Irradiating slightly off resonance (Av = 1% or 500—1500 Hz)
makes ions undergo acceleration—deceleration cycles throughout the duration of the
RF pulse (Fig. 9.32). The principle behind off-resonance irradiation is the occur-
rence of a beat frequency f;, induced by the alternating positive and negative
interference of cyclotron frequency f,. and excitation frequency f.,. as given by

fb :fexc _fc (918)

As a consequence, the orbit does not exceed the cell dimensions but still
maintains a high average translational energy for an extended activation period
during which only small increments of internal energy are transferred to the ions.
The ions can therefore be irradiated for a sustained period (0.1-1 s) without causing
ejection, that otherwise at f. was unavoidable. SORI-CID results in sequential
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Fig. 9.32 Generation of an oscillation of ion kinetic energy as defined by a beat frequency due to
off-resonance excitation; vertical connections are to locate points of positive and negative
interferences, respectively. The larger the amplitude of f;, the more kinetic energy is contained
in the circulating ions. One SORI-CID experiment consists of hundreds of beats

activation of ions by multiple collisions of low (<10 eV) kinetic energy ions with
the collision gas, i.e., SORI-CID exploits slow internal heating of the ions
[138]. Hence, SORI-CID addresses those fragmentation routes requiring rather
low activation energy but benefit from sufficient reaction time.

Selective precursor ion activation

Both, RE-CID and SORI-CID are highly selective in precursor ion m/z, and
therefore, activate only the precursor ion itself, normally even just a selected
isotopolog. As a result, special pulse shapes are required to achieve activation
of all isotopologs to preserve isotopic information in the fragment ion spectra.
Furthermore, the high m/z selectivity causes only the precursor ion to disso-
ciate while fragment ions do not receive any further energy to trigger second-
generation cleavages.

SORI at work MALDI-SORI-FT-ICR spectra of the 2-aminobenzamide deriva-
tive of an unknown oligosaccharide were used for structure elucidation. First, the
[M+Na]* ion, m/z 1240.5, was selected and fragmented (MSz, Fig. 9.33a), then
selected fragments thereof were subjected to further dissociation; to illustrate the
principle, only one of these has been included here (MS?®, Fig. 9.33b). The
frequency for SORI was chosen at 1.5% distant from the respective precursor
ion’s cyclotron frequency and supplied with an amplitude Vgor; = 10 V [138].
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Fig. 9.33 MALDI-SORI-FT-ICR spectra of the [M+Na]" ion, m/z 1240.5, of the 2-aminobenzamide
derivative of an unknown oligosaccharide (MS?, a), and of the fragment at m/z 1037.4 obtained
thereof (MS>, b) (Adapted from Ref. [139] with permission. © Elsevier Science Publishers, 2002)

Dosing gas into ICR cells

CID can rather easily be implemented on FT-ICR instruments because it only
demands for a pulse valve and a reservoir. Although the collision gas in
SORI-CID can be easily handled, its use is nonetheless in contradiction to the
high vacuum requirements of the ICR cell. Thus, alternative ion activation
techniques without the use of gas are desirable.

9.12 Infrared Multiphoton Dissociation

The energy received from multiple photon absorption may also be used to activate
and dissociate otherwise stable gaseous ions [140]:

m; " +xxhy—m" +n (9.19)



582 9 Tandem Mass Spectrometry

Fig. 9.34 IRMPD IVR

mechanism involving [vi+1,Zv) »

intramolecular vibrational

relaxation (IVR) (Reproduced

from Ref. [144] with

permission. © John Wiley

Periodicals, Inc., 2009) abs
|V,',2Vj>

-

Infrared multiphoton dissociation (IRMPD) was first described along with the
dissociation of weakly bound protonated diethylether cluster ions [140]:

[(Et,0), + H]" +xhv — [Et,O +H]" + EtO (9.20)

IRMPD is a technique that can be conveniently applied to trapped ions as is the
case in ICR cells. IRMPD normally employs a continuous wave carbon dioxide
laser of 10.6 um wavelength (2.83 x 10'® Hz) having a power of 25-40 W which is
passed into the ICR cell through a ZnSe or BaF, window [141, 142]. It is advanta-
geous to combine FT-ICR with IRMPD because the amount of energy applied to the
ions can be varied via the duration of laser irradiation, typically in the range of
5-300 ms [143]. This allows for the application of IRMPD to small ions [140] as
well as to medium-sized [143] or high-mass ions [142].

Absorption of photon energy by a single normal mode of the ion is usually
followed by dissipation among other vibrational modes, i.e., by intramolecular
vibrational relaxation (IVR). The initial absorbing mode thereby returns to its
ground state and gets ready to absorb another IR photon and so on (Fig. 9.34)
[144]. IRMPD is regarded as a slow heating method because a large number of IR
photons must be absorbed to effect fragmentation. In case of the usual carbon
dioxide laser the energy of a single photon is just 0.116 eV, i.e., per electronvolt the
absorption of nine photons is required [145, 146].

Safety note

For IRMPD, care must be taken to block the IR laser from abandoning its
assigned optical path. The IR laser is extremely powerful and can instanta-
neously ignite objects or cause injuries from burns.

9.12.1 IRMPD in QITs and LITs

IRMPD is a valuable tool for gas phase ion studies and analytical applications that
often do not require the full power of a highly expensive FT-ICR instrument.
Therefore, efforts have been made to implement IRMPD on three-dimensional
(Fig. 9.35) [145-148] and linear quadrupole ion traps [149-152].

Collisional cooling by the buffer gas required for quadrupole ion trap operation
counteracts the accumulation of the ion internal energy by slow collisional
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Fig. 9.35 IRMPD in a quadrupole ion trap (a) relative to the entire instrument and (b) with beam
passage through a hole in the ring electrode of the QIT (Reproduced from Ref. [145] with
permission. © John Wiley Periodicals, 2009)

activation. To avoid this problem, a dynamic pressure operation mode has been
developed for IRMPD in QITs where initial ion storage and precursor ion selection
are run at standard QIT pressure (3 x 1072 mbar) while the buffer gas flow is
interrupted several milliseconds prior to IRMPD (<10~ mbar) and subsequent
product ion scanning [42, 146]. Alternatively, the energy drain by collisional
cooling is strongly reduced by IRMPD in a tandem linear ion trap as in the Thermo
LTQ Velos instruments (Fig. 9.30). The low-pressure cell is then employed for
IRMPD, while the high-pressure cell only serves for CID [150].

9.13 Electron Capture Dissociation
9.13.1 Principles of Electron Capture Dissociation

For an ion, the cross section for electron capture (EC) roughly increases with the
square of the ionic charge [153]. This makes multiply charged ions as produced by
electrospray ionization (ESI, Chap. 12) the ideal targets for this process. When a
UV laser of 193 nm wavelength (6.4 eV per photon) in the course of ultraviolet
photon dissociation (UVPD) experiments erroneously hit a metal surface, electrons
were deliberated inside the ICR cell. Electron capture by the formed multiply
charged protein ions shifted their charge state from 117 to 10* without affecting
mass [153]:

M+ 11H" e — M+ 11H]""" (9.21)

The product of EC is a radical ion (Fig. 9.36). The energy from neutralization of
one ionic charge (5-7 eV) is transformed into ion internal energy that causes
immediate fragmentation, so-called electron capture dissociation (ECD).


http://dx.doi.org/10.1007/978-3-319-54398-7_12
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Fig. 9.36 Discovery of ECD by comparison of electrospray ionization (ESI) mass spectra of
protein ions with those obtained when the UV laser was switched on to generate thermal
electrons from the inner walls of the ICR cell. Closed circles mark the theoretically predicted
isotopic abundances for the closed-shell ions of n* charge state, while open circles show those
for the (n—1)"" radical ions. The experimental patterns clearly show superimpositions of both
(Reproduced from Ref. [153] with permission. © American Chemical Society, 1998)

Again, ECD is a technique for trapped ions only. To effectively achieve ECD the
electrons must have energies <0.2 eV. Therefore, they are supplied analogously to
EI from a carefully regulated heated filament [154] externally mounted to the ICR
cell. Although a rather recent discovery [153, 155], ECD is now widely applied in
biomolecule sequencing by means of ESI-FT-ICR-MS [154, 156]. The motivation
for those numerous ECD applications is due to the fact that ECD yields information
complementary to CID [157] and IRMPD [141].

ECD requires multiply charged precursors

As one electron charge is neutralized upon EC, the precursor ion for ECD
must at least be a doubly charged positive even-electron ion to yield a singly
charged radical ion for subsequent dissociation.

9.13.2 Peptide lon Cleavages Upon ECD

In contrast to the prevalent generation of b- and y-type fragment ions from slow-
heating activation methods, the fragmentation patterns in ECD contain mostly c-
and z-type ions. These are generated by cleavage of an amine bond (N-C, bond
cleavage). Assuming a peptide ion [M+zH]** having a lysine (Lys) residue, one can
write the mechanism of ECD-induced peptide cleavage as depicted in Fig. 9.37
[158]. This scheme follows the most widely used model for the ECD mechanism,
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Fig. 9.37 Mechanism of fragmentation upon ECD following the hot hydrogen atom model. In
this example, a protonated lysine residue captures the electron and immediately transfers a
hydrogen atom to its neighboring carbonyl-O. Primary and secondary fragmentation pathways
of the peptide ions are shown (Adapted from Ref. [158] with permission. © John Wiley & Sons,
Ltd., 2004)
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the so-called hot hydrogen atom model, which states that the electron is captured in
a high Rydberg state by action of a charged site in the ion. Typically, the charges
reside on basic amino acid residues, i.e., on arginine (Arg), lysine (Lys), or histidine
(His), or on N-terminal amino groups. The primary odd-electron ion immediately
cleaves off a hydrogen radical by N—H bond cleavage, thereby creating a hydrogen
atom with an excess energy of about 6 eV. This “hot” hydrogen atom may be
transferred along the peptide chain to any amide carbonyl group or to disulfide
groups [159, 160]. Now, one of the electrons of the carbonyl-carbon atom is
unpaired. Due to the excess energy this radical can dissociate by N-C, bond
cleavage. Thus, the amine-terminal peptide fragments are forming c-type fragment
ions while the carboxylate-terminal fragments belong to the z-type fragment ion
series.

The mechanism of peptide fragmentation upon ECD is still a matter of debate
[160-162]. In particular, there is a discussion as to whether the ECD process is
nonergodic (so fast that there is no internal equilibration of energy prior to
dissociation) [153, 155] or ergodic (following QET) [162].

Annotating a H shift
Peptide fragments formed after transfer of a hydrogen (atom) are marked by a
prime after the letter, e.g., the fragments from ECD are ¢’ and z’ ions [160].

9.14 Tandem MS with FT-ICR Instruments - Part Il

As obvious from the preceding pages, both IRMPD and ECD are intimately
connected with FT-ICR instrumentation. Now having considered these methods
for ion activation in some detail we may focus our attention on their practical
realization on the FT-ICR platform and some illustrative applications.

9.14.1 IRMPD in FT-ICR-MS

In contrast to CID conditions, the absence of a collision gas maintains the ultra-high
vacuum inside the ICR cell, and thus, avoids time-consuming pump delays in the
sequence of an experiment. The ultra-high vacuum environment also cancels
collisional cooling as observed in QITs or LITs (Sect. 9.12.1). IRMPD was option-
ally available on the Bruker Apex series of FT-ICR instruments, while it has been
abandoned on the more recent Solarix series, seemingly for safety of operation.
Thermo LTQ-FT and LTQ-FT Ultra FT-ICR instruments still are optionally
equipped with IRMPD.



9.14 Tandem MS with FT-ICR Instruments — Part Il

587

gﬁgﬁgéﬁpfjw P OtctHo SO oo

M-2H2 @
- [
S ¢ _ o
. — o | @ '
£ X ® —
g 3 g @ [ ®
S i . $¢ 0 =
LG s E T = e ¢ ! ®
& 2§, 3 ° ¢ 3 I e
= \ [0} o \ | s I s
° fg)_ \\\ Q? g Vot I/ I,' ; l‘l .. T
1 1
ll 'l \ ‘ \\ ‘\ s \ | ” I /‘ \ ‘E ,'
A T A
] \ Il, v \‘\ \‘\ | Vo | ,'/ o | \
N \ | [ U Lo [ ‘ ; \
A .‘3\\| - i < \
1 /
CY o ey L e ; \‘
T R TR ! y / \
A Yy | YY ’/
||.| || |||I Ivl .|| L .||. | .l ! | ! |
| T T I | T [ | T I | T I I T 1 | T 1 |
200 400 600 mM/z 800 1000 1200 1400

Fig.9.38 IRMPD (200 ms, 14 W, 100 scans) spectrum of doubly deprotonated ganglioside GM1,

[M—2H]2’, occurring in two isomeric forms (Reproduced from Ref. [163] with permission.
© Elsevier Science Publishers, 2005)

IRMPD application Gangliosides such as GM1 contain a hydrophobic ceramide
moiety that consists of sphingosine, a long-chain amino alcohol, which is acylated
with a fatty acid on the amino group. The molecule has a polar oligosaccharide head
that contains sialic acid. GM1 exists as two isomeric forms, GMla and GM1b,
differing in that the sialic acid is in branched or terminal position, respectively. The
negative-ion IRMPD (200 ms, 14 W, 100 scans) spectrum of doubly deprotonated
ganglioside GM1, [M—2H]*", exhibits a cleavage within the ceramide moiety that
causes loss of the fatty acid. The presence of GM1b as a minor component is
evident from (i) the fragment ion peak at m/z 1091.722, which corresponds to a loss

of the disaccharide HexNeuAc’ from the precursor and (i7) its complementary peak
at m/z 452.141 due to the disaccharide (Fig. 9.38) [163].

9.14.2 Infrared Photodissociation Spectroscopy

Provided a tunable laser light source is available, the IRMPD experiment can be
performed in a wavelength-dependent manner to reveal the absorption
characteristics of gaseous ions. Different from IR spectroscopy of condensed
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Fig. 9.39 Setup for infrared
photodissociation
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(Reproduced from Ref. [144]
with permission. © John
Wiley Periodicals, Inc., 2009)

phase samples, in mass spectrometry the occurrence of IR absorption is observed by
detection of specific fragment ions and their abundances as a function of laser
wavelength. This technique is known as infrared photodissociation spectroscopy
(IRPD) [144, 164].

Unfortunately, powerful IR lasers tunable over a significant frequency range are
difficult to obtain. Currently, the most effective but highly demanding approach to
this end is represented by the free-electron laser (FEL). FEL facilities are limited
and offer access for researchers to perform their experiments at dedicated ports on a
tight schedule (Fig. 9.39). Alternatively, optical parametric oscillator/amplifiers
(OPO/As) can serve as tunable IR light sources [144, 164].

9.14.3 Blackbody Infrared Radiative Dissociation

Even under essentially perfect vacuum where collisional activation is virtually
absent (<10_9 mbar) ions can undergo slow unimolecular dissociation. As the
energy for these fragmentations is provided by the emission of infrared photons
by blackbody radiation of the vacuum housing, this process is termed blackbody
infrared radiative dissociation (BIRD) [165]. Blackbody infrared radiation is
always present above non-zero temperatures. BIRD dissociations are characterized
by reaction times in the order of several seconds to even minutes. Therefore, ICR
cells provide the most suitable environment for their study. To vary the wavelength
and intensity of IR radiation both the ICR cell and the surrounding vacuum
manifold have to be uniformly heated. Typically, temperatures up to about
250 °C can be reached in dedicated instruments. This allows to study reaction
kinetics where bonds of low to moderate strength are involved [165].
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BIRD is quite exotic

Routine FT-ICR instruments are not suited for BIRD studies because of
restrictions in heat resistance of electronic circuitry in proximity to the ICR
cell and complications with the superconducting cryomagnet. BIRD requires
wide-bore magnets (160 mm) that can accommodate the heated ICR cell
housing plus a water-cooled mantle around it to prevent dissipation of heat to
the magnet.

9.14.4 ECD for Tandem FT-ICR-MS

The implementation of ECD on ICR cells is nicely compatible with IRMPD. One
approach is to use a hollow cathode [166] instead of a filament to deliver electrons
for ECD. The hollow cathode also offers a wide electron beam that enlarges the
volume where ECD can occur within the ICR cell. The IR laser then may pass
through the central hole — a setup that exerts some restrictions to the ICR radii
where ions can interact with the laser beam. Several cathode designs are in use
(Figs. 9.40 and 9.41) [167].

ECD to locate postranslational peptide modifications The direct bond cleavages
upon ECD can be used to locate postranslational peptide modifications that would
be disguised in CID or IRMPD spectra. The difference between CID and IRMPD on
one side and ECD on the other arises from the loss of most posttranslational
modifications prior to backbone cleavage to from b- and y-type ions, while in
ECD the chain is immediately cleaved to yield c- and z-type ions, independent of
the peptide sequence [168]. Thus, the neutral loss reflects the mass of the modifica-
tion, e.g., additional 80 u (HPO3) in case of the phosphorylation that can be
identified to occur at the tyrosine of the peptide RLpYIFSCFR (Fig. 9.42)

Fig. 9.40 A combined ECD Magnetic field
and IRMPD setup for Hollow \ N

or g Detection plate
FT-ICR-MS. The IR laser is Jéetion \ P
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the central hole of indirectly Ring ) Trapping
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(Reproduced from Ref. [167] lons |
by permission. © John Wiley 4 ; N m -y
& Sons, 2003) _
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Fig.9.41 Electron injection systems for ECD-FT-ICR instruments: (a) directly heated filament in
homogeneous magnetic field, (b) disk-shaped indirectly heated cathode in homogeneous magnetic
field, (c) ring-shaped indirectly heated cathode, and (d) cathode in fringing magnetic field region
with beam collimation (Reproduced from Ref. [158] with permission. © John Wiley & Sons, Ltd.,
2004)

o
[M+2H]?* ||
HzN‘—?H“C—- OH
1xd [ CHz N
[M+H]*/
o [M+2H]*
[}
HO—P=0
|
OH
zg' (a-18)g"
zg ¥ o/ +
. . (a-18)5" f Zs
. C3 Cs l 2 s losses
Lk [/ = dw
* ¥, + ag"
dud J: L4, L.u,_.. PN B Y | . k {,7 J.na 1 at.l
RS T T B g T T T Trrrr T
400 5

00 600 700 800 900 1000 1100 1200 m/z

Fig. 9.42 Upon ECD, the [M+2H]** ion of the peptide RLpYIFSCFR exhibits an increased mass
difference of 80 u between its z¢" and z;* fragments due to tyrosine phosphorylation (Adapted
from Ref. [158] with permission. © John Wiley & Sons, Ltd., 2004)
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[158]. The opportunity to obtain complementary peptide sequence information is
the reason why CID or IRMPD spectra are sometimes combined with ECD spectra
for structure elucidation of peptides [141, 157, 169].

9.15 Electron Transfer Dissociation

ECD can only take place in the ultra-high vacuum of FT-ICR mass spectrometers,
while it is not possible to simultaneously store thermal electrons and peptide cations
in quadrupole ion traps that utilize RF fields for ion manipulation and trapping.
Furthermore, thermal electrons absorb energy from the RF field within milliseconds
to become energetic. On the other hand, LITs can be operated as to store oppositely
charged ions. Attempts for applying the advantages of ECD to LITs therefore make
use of electron transfer via cation—anion reactions. In contrast to ECD, electron
transfer may then occur at relatively high pressures (=10~ mbar) [170]. This
technique is termed electron-transfer dissociation (ETD) [168].

Anthracene radical anions as obtained by electron capture in a chemical ioniza-
tion source with methane reagent gas were formerly employed as anions
[168, 171]. Meanwhile, fluoranthene has become more widely used (Scheme 9.2)
[172, 173].

Thus, ETD lends the capabilities of ECD to linear ion trap mass spectrometers.
The individual steps involved in the operation of an LTQ instrument in ETD mode
(Fig. 9.43) are: injection of multiply protonated peptides as delivered by an ESI
source; application of a DC offset to store these ions in the front section of the LIT
followed by injection of reagent anions from the CI source into the center of the
LIT. Then all but the peptide precursor ions and the electron-donor reagent ions are
ejected. Next the DC potential well is switched off and a secondary RF voltage is
applied to the end lens plates of the LIT causing positive and negative ion
populations to mix and react. The reaction period is ended by axial ejection of
reagent anions while positive product ions are retained in the center section of the
LIT. Finally, mass-selective radial ejection as usual yields the ETD spectrum

(O o oy e
. — O ———> [M+3HP*" &+ CigHio
l ETDin LIT

C16H10 m/z 202
radical anion by EC in external Cl source c- and z-type fragments

Scheme 9.2
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[168]. The attractive ETD technique has also been implemented on LITs with axial
ejection [151, 174] and on LIT-Orbitrap hybrids [175-177].

Unfortunately, ETD has limited applicability to doubly protonated peptide
precursor ions, [M+2H]**, while triply protonated ions fragment to reveal the full
sequence due to the higher exothermicity of the electron capture (Fig. 9.44) [170].

9.16 Electron Detachment Dissociation

Both ECD and ETD cause direct backbone cleavages in multiply positive peptide
ions to deliver ¢- and z-type fragments which are highly informative for mass
spectral sequencing. Especially when occurring more than once on a molecule,
post-translational modifications like phosphorylation or sulfonation, reduce its
tendency to form multiply protonated ions. Such analytes are best studied as
negative ions, which are of course not amenable to ECD [178]. If the primary



9.16 Electron Detachment Dissociation 593

+3 (/2 277) R Cs . K| AALAK|A A ALK
z,

C2 (precursor)

e Zy|c, Z% Cs [M+3H]+e

Z'5 C7 .
c, %2 Cy 2 2y /
[ Uedladl o | | |
b
2 (miz419) [M+2H]*+ KIALA kAkK\ A A AK
(precursor)
[M+2H]
® a
I | T | Isl T l T | ]8 I |l |l l
100 200 300 400 500 600 700 800 m/z

Fig. 9.44 Effect of precursor ion charge state on ETD product ion spectra of (a) the triply
protonated peptide ion [KAAAKAAAK+H]* and (b) the doubly protonated ion of the same
peptide which only produces half of the possible c- and z-type fragments (Reproduced from Ref.
[170] with permission. © American Chemical Society, 2007)

electrons are energetic (about 20 eV) rather than thermal, there is a substantial
chance to promote electron detachment from the anion [179]. In fact, the overall
process can be regarded as electron ionization of an anion, which leads+ to
formation of a neutral radical site (Sect. 6.3.1).

M—nH" +e — [M—nH™"" 4 2¢” (9.22)

Alternatively, electron ionization can occur anywhere along a polypeptide chain
to locally form a positive radical ion that also may be regarded as an electron hole.
This will attract an excess electron from one of the anionic sites of the ion and end
up in mutual neutralization. The released energy effects electronic excitation, that,
in turn, causes backbone cleavage [179]. This technique is termed electron detach-
ment dissociation (EDD, Scheme 9.3) [178-181].

EDD is not only useful for acidic peptides but also for oligonucleotides [182]
and other analytes [160]. EDD has also been adapted to QITs [180]. Nonetheless,
EDD is clearly less relevant in bioanalytical work than ECD or ETD.

A variation of EDD, termed negative electron transfer dissociation (NETD)
employs fluoranthene, C;¢H;y*", or Xe* ions instead of energetic electrons to
induce radical cationic sites by charge transfer rather than by electron ionization
[183]. NETD yields selective backbone cleavage at the C,—C bonds, similar to
EDD, but leaves the phosphorylation sites intact, thereby enabling the localization
of posttranslational modifications (PTMs).
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9.17 Special Applications of Tandem MS

Bimolecular reactions may take place when gaseous ions collide with neutrals at
thermal energy rather than at multi- or even kiloelectronvolt energy. Proton transfer
is one of the prominent representatives of an ion—-molecule reaction in the gas
phase. It is employed for the determination of GBs and PAs as described below.
More sophisticated studies are enabled by reactions of gaseous ions with more
complex reagents in the gas phase and the immediate mass spectral analysis of the
reaction products [3].

9.17.1 lon-Molecule Reactions in Catalytic Studies

The catalytic activities of a large pool of transition-metal carbene complexes have
been screened by means of ion—molecule reactions in tandem-MS experiments
[184—186]. Reactions of bare or solvated metal ions with organic molecules have
been studied using mass spectrometers as reaction vessels [187—190]. In contrast to
the concepts and methods discussed so far, the latter experiments are not designed
to study the fundamentals of mass spectrometry. Instead, sophisticated methods of
modern mass spectrometry are now employed to reveal the secrets of other complex
chemical systems.

Activation of methane Reaction of mass-selected [Ni(H)(OH)]" ions, mi/z
76, with methane at 0 eV collision energy in the laboratory frame of reference
yields a CH, insertion product, [Ni(CH3)(OH)]*, m/z 90. The experiments were
carried out by using a QhQ mass spectrometer with an electrospray ion source.
[NiL]* reactand ions were produced by ESI from solutions of NiL, (L = F, CI, Br, I)
in pure methanol and [NiOH]" ions from Nil, in H,O. For the methane-activation
study, the ions containing “*Ni were mass selected in Q1 and reacted at thermal
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Fig. 9.45 Reaction of mass-selected [Ni(H)(OH)]* ions, m/z 76, with methane at 0 eV collision
energy in the laboratory frame of reference yields a CH, insertion product, m/z 90. The cone
voltage refers to the ESI conditions to produce optimum precursor ion abundance from Ni salt
solutions (Reproduced from Ref. [190] with permission. © Wiley-VCH Verlag, Weinheim, 2007)

energy with methane in the RF-only hexapole at about 10~ mbar. The ionic
products were then detected by Q2 (Fig. 9.45) [190].

9.17.2 Gas Phase Hydrogen-Deuterium Exchange

Deuterium and other isotopic labeling prior to mass spectrometric analysis has been
known from the early days of mass spectrometry (Sects. 2.9 and 3.3). Modern
methodology even allows labeling of gaseous ions, thereby yielding insight into
mechanistic details of reactions in a much more convenient way than by compli-
cated synthetic routes. Furthermore, the gas phase exchange of hydrogen for
deuterium can be applied to transient species that would otherwise remain inacces-
sible. So hydrogen—deuterium exchange (HDX) can be accomplished not only in
solution (Chaps. 6 and 7 in [191]), e.g., prior to analysis by electrospray ionization,
but also in the gas phase. This is best achieved on ion traps of any kind as these
provide extended and easily variable reaction times — circumstances that also
enable kinetic studies.

HDX in peptide fragmentation Gas phase HDX has been used to probe complete
parent and fragment ion populations generated by CID of multiply charged
protonated peptides [192]. The peptide ions were monoisotopically selected,
dissociated by SORI-CID, and then subjected to HDX by repeated pulsed admission
of CD;OD to the ICR cell. Finally, the products were analyzed by
FT-ICR-MS. HDX for variable reaction times revealed distinguished exchange
kinetics for different types of ions, which allowed to deduce information on their
structures. For example, b-type ions exhibited fast HDX while a-type ions showed
only restricted exchange even at longer reaction times (Fig. 9.46) [192, 193]. The
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Fig. 9.46 The a,-b, region of the product ion spectrum of doubly protonated YIGSR after (a) O s,
(b) 1s,(c) 10, and (d) 60 s gas phase HDX in an ICR cell. The uptake of deuterium is denoted by
D, in the formulas (Reproduced from Ref. [193] with permission. © Elsevier Science
Publishers, 2009).

observed exchange behavior was used to argue in favor of a oxazolone structure of
the b, ions.

9.17.3 Determination of Gas Phase Basicities and Proton Affinities

The methods for the determination of GBs and PAs (Sect. 2.12) make use of their
relation to K., (Eq. 9.23) and the shift of K., upon change of [AH]" or B,
respectively [194, 195]. Basically, the value of GB or PA is bracketed by measuring
K.q with a series of several reference bases ranging from lower to higher GB than
the unknown. There are two methods we should address in brief, a detailed
treatment of the topic being beyond the scope of the present book, however. The
kinetic method makes use of the dissociation of proton-bound heterodimers, and the
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thermokinetic method determines the equilibrium constant of the acid-base reaction
of gaseous ions. In general, proton transfer plays a crucial role in the formation of
protonated molecules, e.g., in positive-ion chemical ionization mass spectrometry
(Chap. 7).

The kinetic method [196—-199] compares the relative rates of the competitive
dissociations of a proton-bound adduct [A—H-B]" formed by admitting a mixture of
A and B to a Cl ion source [196, 197]. There, the proton-bound adduct [A-H-B]" is
generated amongst other products such as [AH]* and [BH]". Using standard tandem
MS techniques, e.g., MIKES, the cluster ion [A—H-B,.¢]" is selected and allowed to
undergo metastable decomposition:

[AH]" + Byt «— [A —H — Byt] " — A 4 [BsH]" (9.23)

The relative intensities of the products [AH]* and [B,.fH]" are then used as a
measure of relative rate constants of the competing reactions. In case the PA of the
unknown was equal to that of the reference, both peaks would be of equal intensity.
As this will almost never be the case, a series of reference bases is employed
instead, and PA is determined by interpolation. The value of PA 4, is obtained from
a plot of In[AH]"/[B,.H]" versus PAg, at InfAH]"/[B.H]" = 0.

The thermokinetic method [200, 201] uses the measurement of the forward rate
constant of the equilibrium

[AHT + Brer = A+ [BrefH]+ (9.24)

The thermokinetic method takes advantage of the correlation observed between
kexp and AG20 through the relationship

kep !
keon 1+ exp[(AG) + AGY) /RT]

(9.25)

where ko is the collision rate constant and AG,’ a term close to RT. The GB of the
unknown is then obtained from AG," = GB — GB,. The task to establish a proper
value of the reaction efficiency, Regr = kexp/kcon, 1 solved by plotting the experi-
mental values of R versus GB gy and interpolating these points with a parametric
function. Although this can be done with high accuracy, it is still a matter of debate
as to which value of R.g yields the most realistic GB, suggestions being R.g =
0.1-0.5 [194].

Determination of GB and PA GB and PA of cyclohexanecarboxamide were
determined by both experimental methods. The kinetic method based on both
metastable dissociation and CID yielded GB = 862 4 7 kJ mol™" and PA = 896 +
5 kJ mol™", while the thermokinetic method gave GB = 860 + 5 kJ mol™' and PA =
891 4 5 kJ mol ™, i.e., both methods yield comparable results (Fig. 9.47).
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Fig. 9.47 Determination of the proton affinity of cyclohexanecarboxamide (a) by the kinetic
method, and (b) by the thermokinetic method. The horizontal lines show the indicative values In
[AH]"/[B¢H]* = 0 in (a) and REs according to different authors in (b) [194] (Adapted from Ref.
[202] by permission. © IM Publications, 2003)

9.17.4 Neutralization-Reionization Mass Spectrometry

In CID, charge exchange between the ions and the collision gas is an unwanted side
reaction. However, it may become useful when employed in combination with a
subsequent reionization step as in neutralization-reionization mass spectrometry
(NR-MS) [203-211]. In NR-MS, the precursor ion of some kiloelectronvolts of
kinetic energy is mass-selected in MS1 and passed through a first collision cell
containing a reducing collision gas. A certain fraction of these ions will be reduced
by charge exchange to become neutrals. As these neutrals basically retain their
initial kinetic energy and direction, they leave the first collision cell along with the
precursor ion beam. Remaining ions can then be removed from the beam by
electrostatic deflection. Having traveled for some microseconds along a short
path through the field-free region, the neutrals are subjected to ionizing collisions
in a second collision cell. Finally, the mass spectrum of the reionized species is
detected by means of MS2.
For neutralization one can employ:

¢ noble gases of low /E such as Xe (12.1 eV) [205],

» metal vapors effusing from an oven, e.g., Hg (10.4 eV), Zn (9.3 eV), and Cd (9.0
eV) [203, 212],

¢ volatile organic molecules, e.g., benzene (9.2 eV) or triphenylamine (6.8
eV) [213].

Reionization of the neutrals in the second collision cell can be achieved using:

e O, (12.1eV)or He (24.6 eV) [212, 213],
¢ ionization methods such as electron ionization or field ionization [207].
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Fig. 9.48 NR-MS (Xe-He) of acetone (a) and its enol (b) from neutralization of the
corresponding ions (Adapted from Ref. [205] with permission. © Elsevier Science, 1985)

NR-MS is applied in numerous ways [208, 213-215]. In particular, NR-MS is a
powerful tool where the existence of short-lived and otherwise unstable species has
to be proven [216-218].

NR-MS of acetone The NR mass spectrum of acetone closely resembles its 70-eV
EI mass spectrum (Sect. 6.2.1), thereby demonstrating that the molecular ion
basically retains the structure of the neutral (Fig. 9.48) [205]. However, the
isomeric C3HgO™" ions formed by McLafferty rearrangement of 2-hexanone molec-
ular ion are expected to have enol structure (Sect. 6.8.1), and thus the corresponding
NR mass spectrum is easily distinguished from that of acetone.

9.18 Tandem Mass Spectrometry Condensed

Terminology in Tandem Mass Spectrometry

The terms tandem mass spectrometry, also mass spectrometry/mass spectrometry,
collectively describes mass spectrometric experiments where ions that are mass-
analyzed in MS1 are subjected to fragmentations or ion—molecule reactions and the
products thereof are collected and analyzed by a second stage, MS2. Tandem MS is
often abbreviated as MS/MS or MS?. Tandem MS experiments of higher order are
referred to as MS3, MS4, ... or generally as MS".

Ions emerging from MS1 are termed precursor ions, those entering MS2 are called
product ions; in higher-order experiments, one may refer to them as n™ generation
product ions.

Mass Analyzers for Tandem MS

A tandem mass spectrometer can either be composed of — mostly independent —
mass analyzers in serial connection or can be achieved by operating the same
analyzer to sequentially perform the stages of the tandem MS experiment. The


http://dx.doi.org/10.1007/978-3-319-54398-7_6#Sec7
http://dx.doi.org/10.1007/978-3-319-54398-7_6#Sec40

600 9 Tandem Mass Spectrometry

first mode of tandem MS is described as tandem MS in space, the second as tandem
MS in time. Beam instruments (BE, EB, QqQ, ReTOF, QqTOF, TOF/TOF) provide
tandem MS in space, ion trap analyzers (QIT, LIT, FT-ICR) yield tandem MS in
time. Orbitraps cannot be operated in a tandem MS mode; they exclusively serve as
MS?2 to analyze fragment ions delivered by a Q- or LIT-type MS1.

Ion Activation Techniques

Ideally, a single all-purpose ion activation method would suffice to generate
fragment ions for structure elucidation of any compound class. Moreover, the
charge state of the precursor ion, its mass, and other characteristics would not
interfere. In reality, however, no such method exists [170]. In case of peptides, for
example, there is no single successful activation technique for delivering a suffi-
cient number of sequence-informative product ions for sequence identification;
instead, the amino acid composition and posttranslational modifications exhibit a
strong influence on the fragmentation pattern — justifying all the previous methods.
Commonly available ion activation techniques are summarized and briefly

described in Table 9.4 [31, 219].

Table 9.4 Common ion activation techniques for tandem MS
Instrumental ITonic charge and
Method | platforms species accessible | Description and properties
CID BE, ReTOF, +/— Precursor Collisions at keV-energies with inert gas.
TOF-TOF and fragments Several eV energy transfer in single collision
within a femtosecond
QqQ, +/— Precursor Tens of eV-collisions with inert gas About eV
QqTOF, and fragments energy transfer per collision; several events
QqLIT, etc. within about a millisecond
FT-ICR +/— Selected Several eV-collisions with inert gas; about eV
precursor only energy transfer per collision; several events
within a second.
SID QqQ, +/— Selected Single collision at several tens of eV with
IMS-QqTOF | precursor only inert surface within some picoseconds
etc.
IRMPD | FT-ICR +/— Precursor Rather low-energy activation by IR laser;
(QIT) and fragments compatible with ECD
BIRD FT-ICR +/— Precursor Slow, low-energy activation by IR blackbody
and fragments radiation close to equilibrium; to study
kinetics and thermodynamics
ECD FT-ICR Multiply + Energy from partial neutralization by thermal
Precursor and electrons; extremely fast process causes
fragments radical ion cleavages
ETD LIT and Multiply + Energy from partial neutralization transferred
hybrids with Precursor and by cation—anion reaction; result similar to
LIT fragments ECD
EDD FT-ICR Multiply — Energy from partial neutralization delivered

Precursor and
fragments

by electron detachment; results like “ECD for
anions”
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Applications

Tandem MS was initially developed as a tool for gas phase ion chemistry to track
dissociation pathways and to determine thermodynamic properties of gaseous ions.
Then, structure elucidation started to also play a role in analytical mass spectrome-
try. Step by step, tandem MS instruments were constructed and modes of operation
were developed that allowed to use almost any type of mass analyzer.

The tremendous commercial success of all sorts of hybrid instruments is due to
their effectivity in tandem MS. Today, tandem MS has a plethora of applications,
mostly in biomolecule sequencing and in trace analysis to increase selectivity for the
detection and eventually quantification of target compounds (Sects. 14.2 and 14.3).
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