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4.1  Introduction

This chapter discusses a variety of experimental methods and introduces instrumen-
tation for the study of gas-phase ions and ion–molecule chemistry in general and 
of ion attachment processes in particular, with an emphasis on mass spectrometry 
(MS) methods. The section starts with a discussion on common methods to generate 
gas-phase alkali metal ions, to be applied in various ion attachment experiments. 
Subsequently, (tandem) MS methods are discussed that enable the investigation of 
the structure of ions and the results of ion–molecule reactions. Separate sections 
are presented for beam instruments and ion-trapping instruments. In some cases, 
these instruments can be used to perform ion–molecule reactions as part of the 
measurement protocol. Emphasis is put on commercially available MS and MS–MS 
instruments. In subsequent sections, various other tools are discussed that may be 
combined with MS and allow the study of gas-phase reactions of ions. These tools 
comprise (a) flowing afterglow methods (FA-MS), including derived methods like 
selected ion flow tubes (SIFT-MS) and proton-transfer reaction devices (PTR-MS), 
(b) drift tubes, ion-mobility spectrometry (IMS) and IMS–MS, and (c) high-pres-
sure MS instruments. The text provides ample references for further reading.

Currently, MS is primarily used in analytical applications. In fact, rather than the 
study of ion structures, gas-phase ion–molecule reactions, or the structure elucidation 
of unknown compounds, the routine quantitative analysis of target analytes in com-
plex (biological) matrices using combined gas chromatography (GC–MS) or liquid 
chromatography (LC–MS) is by far the most important application area of MS. 
Nevertheless, mass spectrometers have proven to be powerful tools for studying the 
kinetics, mechanisms, and product distributions of gas-phase bi- and termolecular 
organic reactions. A wide variety of ion–molecule reactions may be studied [1]. 
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These studies provide us with fundamental understanding of the organic reactions. 
Gas-phase chemistry can reveal details of reaction mechanisms that are obscured by 
solvation and ion pairing, when studied in the condensed phase.

4.2  Production of Gas-phase Alkali Metal ions

4.2.1  Thermoionic Emission

Thermionic emission involves the heat-induced emission of charge-carrying par-
ticles from a surface. The process occurs when the thermal energy given to the car-
rier overcomes the work function of the metal. The charge-carrying particles may 
be electrons or ions. The emission of electrons, known as the Edison effect, can be 
achieved from a heated filament in vacuum, like with the hot (tungsten or rhenium) 
filament used as primary source of ionization in electron ionization. In the current 
context, the emission of (alkali) metal ions is of more interest. This can be achieved 
by heating aluminum silicates doped with (alkali) metal oxides [2–5]. A schematic 
setup of a thermoionic emitter of K+ mounted onto a solid probe is shown in Fig. 4.1 
[5]. In this way, chemical ionization with alkali metal ions as primary ionization 
source was performed, e.g., studying gas-phase reactions of Li+  with fluoroethane 
and hydrocarbons [6] or of K+  with a wide variety of analytes, including ketones, 
ethers, esters, crown ethers, and small peptides [5]. Li+-emitters are also applied in 
ion attachment MS experiments [3].

Fig. 4.1  Ion source for thermoionic emission of alkali metal ions. (Reprinted with permission 
from ref. 5. ©1984, American Chemical Society)
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4.2.2  Laser Ionization

Laser ablation is the process of removing material from a solid surface by irradiat-
ing it with a (pulsed) laser beam. At low laser flux, the material evaporates or sub-
limates due to heating by the absorbed laser energy. At high laser flux, the material 
is converted into plasma. If ions are produced in the plasma, the process is usually 
called laser ionization. In this way, gas-phase metal ions can be produced, which 
can subsequently be applied in gas-phase ion–molecule studies. Initially, Cu+ and 
Ag+ were generated from their respective metals, and Cr +, Fe+, and Ni+ from a 
stainless steel sample [7]. The method seems to be especially useful to generate gas-
phase ions and ion clusters of transition metals [8, 9]. As such, it was, for instance, 
applied to characterize pollutants on dust particles [10].

4.2.3  Desorption Ionization: Doping with Alkali Metal Salts

In desorption ionization methods, like field desorption [11], fast-atom bombardment 
[12], and matrix-assisted laser desorption (MALDI) [13], adding small amounts of 
alkali metal salts to the sample on the emission wire (in field desorption) or target 
(in fast-atom bombardment and MALDI) may result in the observation of adduct 
ions [M + Alkali]+ (see also Sect. 7.2). This is generally termed “doping with al-
kali metal salts.” In principle, when a platinum or tungsten wire, to be used in 
thermoionic emission, is doped with alkali metal salts, gas-phase alkali metal ions 
may be produced as well. It may be questioned whether this is due to a thermoionic 
or desorption/ionization effect.

A typical example of this type of doping is a fragmentation study of the flavo-
noid glycoside rutin, adducted with different alkali metal ions (Li+, Na+, or K+), by 
post-source decay MALDI time-of-flight (TOF) MS [14]. Differences in fragment 
ions and especially the relative abundance of fragment ions were observed (see 
Sect. 7.5.2). Numerous other examples of this type of studies are available.

4.2.4  Solvent Additives in Electrospray Ionization

Adduct formation of analytes to alkali metal ions is also frequently observed in 
electrospray ionization (ESI) MS [15]. For compounds with high affinities to alkali 
metal ions, the residual concentrations of 10−5–10−4	M of alkali metal ions, com-
monly present in solvents used in LC-MS, is sufficient for this type of adduct for-
mation. Alternatively, low concentrations of alkali metal ion salts (up to 1 mM) may 
be added to the mobile phase; higher concentrations (> 1 mM) result in significant 
ionization suppression. Because in many applications of ESI-MS compounds are 
analyzed from biological matrices; these matrices also act as a source of alkali metal 
ions, especially if no rigorous desalting protocol is adapted.
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It appears that adduct formation especially takes place for compounds with a 
number of oxygen (or sulfur) atoms in such an orientation that chelation or com-
plex formation with the alkali metal ions is possible (see Chap. 7 for a more de-
tailed discussion). This is, for instance, the case with oligosaccharides. However, 
next to “real” adduct formation, that is formation of [M + Na]+ , apparent adduct 
formation in ESI-MS may be due to liquid-phase H+/Na+ -exchange reactions in 
analytes with acidic functions, resulting in salts which are subsequently transferred 
to the gas phase as protonated molecules [15]. Thus, the analyte RCOOH is con-
verted into RCOONa, protonated, and transferred to the gas-phase for mass anal-
ysis as [(RCOOH–H + Na) + H]+ rather than as [M + Na]+ [15, 16]. This behavior 
is observed with any compound with acidic functions, e.g., peptides and (oligo)
nucleotides. The possibility to generate such H+ /Na+ -exchange reaction products 
by a gas-phase reaction in the vacuum interface of an ESI-MS system has also been 
investigated [17]. As expected, methyl ester formation in peptides reduces the ad-
duct formation, because the H+ /Na+ -exchange is taken away [18].

An example of this behavior is shown in Fig. 4.2, where the positive-ion and 
negative-ion ESI-MS spectra of a compound are shown with two carboxylic acid 
functions, analyzed as di-potassium salt in a mobile phase containing ammonium 
acetate. In positive-ion mode, both the ammoniated molecule [M + NH4]

+ and the 
potassiated molecule [M + K]+ (or the H+/K+-exchange product [(M–H + K) + H]+) 
are observed, whereas in negative-ion mode, the H+ /K+ -exchange product [(M–
H + K)–H]– is observed next to the deprotonated molecule [M–H]–. Thus, apparent 
alkali metal ion adducts may be observed in negative-ion ESI-MS as well.

Fig. 4.2  Electrospray mass spectra of a compound with two carboxylic acid functions analyzed 
as dipotassium salt in a mobile phase containing ammonium acetate. (©2006, hyphen MassSpec)
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4.3  Tandem Mass Spectrometry

4.3.1  Introduction

From instrumental point of view, tandem mass spectrometry (MS–MS) comprises 
a combination of two mass analyzers in series (in time or space, see below) with 
a reaction chamber in between. In MS–MS, the m/z values of ions are measured 
before and after a chemical reaction within the mass spectrometer. In most cases, a 
change in mass and thus in m/z is involved, although a change in charge, e.g., charge 
stripping of multiple-charge ions, is also possible. For positive ions, the precursor 
or parent ion mp

+ is converted into the product or daughter ion md
+ via the loss of a 

neutral fragment mn. Whereas the neutral fragment mn is generally not detected in 
the mass spectrometer, its mass can be inferred from the difference in m/z of mp

+ 
and md

+. In the product-ion analysis mode, which is the most basic MS–MS experi-
ment, the precursor ion mp

+ is selected in the first stage of mass analysis within the 
instrument (MS1), while the product ions md

+ are mass analyzed and detected in 
the second stage of mass analysis (MS2). Thus, MS–MS involves the detection of 
ions that, after their initial formation in the ion source, have undergone a change in 
m/z and/or charge during the course of their analysis with a mass spectrometer [19].

The observation and explanation in the 1940s of the occurrence of metastable 
ions in a mass spectrum acquired using a magnetic-sector instrument can be consid-
ered as the starting point of the history of MS–MS [20]. In the 1960s, it was discov-
ered that the abundance of the metastable ions can be increased by the introduction 
of a collision gas in a collision cell. From the mid-1970s onwards, instruments 
were especially designed for MS–MS experiments. Important landmarks in the de-
velopment of MS–MS are: (a) the introduction in 1978 of the triple quadrupole 
(TQ) instrument by Yost and Enke [21]; (b) the demonstration in 1987 of (multiple 
stages of) MS–MS in an ion trap instrument by Louris et al. [22]; (c) the introduc-
tion in the early 1990s of various MS–MS technologies in Fourier transform ion 
cyclotron resonance (FT-ICR) instrument [23]; (d) the introduction in 1996 of a 
hybrid quadrupole-time-of-flight instrument (Q-TOF) by Morris et al. [24]; (e) the 
introduction in 2002 of the hybrid quadrupole-linear ion trap instrument (Q-LIT) by 
Hager [25]; (f) the introduction in 2002 of tandem TOF–TOF instrument [26], and 
(g) the introduction in 2005 of the hybrid linear ion trap–Orbitrap instrument by the 
group of Makarov [27, 28].

Convenient symbolism and terminology for the wide variety of MS–MS and 
MSn experiments that can be performed in various data acquisition modes have 
been proposed by Schwartz et al. [29] and are frequently used ever since.

Nowadays, partly initiated by the advent of ESI as a powerful soft ionization 
technique for highly polar biomolecules and as a convenient method to couple LC 
and MS, MS–MS is frequently applied. For routine quantitative bioanalysis of tar-
get compounds, the selected reaction monitoring (SRM) mode is extensively ap-
plied. In the SRM mode, both stages of mass analysis perform the selection of ions 
with a particular m/z value, i.e., in MS1 a precursor ion, mostly the protonated or 
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deprotonated molecule of the target analyte, is selected, subjected to dissociation 
in the collision cell, while in MS2 a preferably structure-specific product ion of 
the selected precursor is selected and detected. Due to the high selectivity involved 
in SRM, excellent sensitivity may be achieved in target quantitative analysis. The 
SRM mode is the method of choice in quantitative bioanalysis using LC-MS [30], 
e.g., in (pre)clinical studies for drug development within the pharmaceutical indus-
try, and has been implemented in quantitative analytical strategies using GC-MS as 
well [31].

4.3.2  Ion Dissociation Techniques

Either metastable ions or activated ions may be involved in MS–MS experiments. 
Metastable ions are ions with sufficient internal energy that survive long enough to 
be extracted from the ion source before they fragment, but may then fragment in the 
mass analyzer region prior to detection. The charged fragments of metastable ions 
that dissociate in the reaction region of the instrument may be detected. Alterna-
tively, ions may be activated after they have left the ion source. Collision activation 
is the most widely applied method to increase the internal energy of ions. Upon ac-
celeration and collision of an ion with a target gas (He, N2, or Ar) in a collision cell, 
part of the ion translational energy is converted into internal energy. If subsequent 
dissociation of the ion occurs in the collision cell, the process is called collision-
induced dissociation (CID). Next to collision activation with a target gas, there is 
a wide variety of other activation methods [32, 33], including surface-induced dis-
sociation (SID), laser photodissociation (LPD), infrared multiphoton photodisso-
ciation (IRMPD), sustained off-resonance irradiation (SORI), black-body infrared 
radiative dissociation (BIRD), electron-capture dissociation (ECD), and electron-
transfer dissociation (ETD) [34]. Most of these alternative techniques are primarily 
applied to induce fragmentation in FT-ICR-MS instruments, although ETD can also 
be implemented on ion trap (and other) instruments [34].

The CID, being the most widely applied method to induce fragmentation in MS–
MS, is a two-step process, where in the first step, ion translational energy is con-
verted into ion internal energy due to the collision event, while in the second step 
unimolecular decomposition of the excited ions may yield various product ions by 
competing reaction pathways. The first step is much faster than the second one. In 
between the two steps of the process, energy redistribution within the ion may take 
place. CID can be performed in two different energy regimes [33]. With most instru-
ments, low-energy CID is performed involving multiple collisions with a target gas 
such as He, N2, or Ar (~ 10−3 mbar) with a laboratory collision energy generally not 
exceeding 60 eV. In sector and TOF–TOF instruments, high-energy CID can be per-
formed, which involves single keV collisions with He as a target gas. High-energy 
collisions open a wider range of fragmentation reactions, thus resulting in more 
informative and more complex MS–MS spectra. In the low-energy CID regime, one 
may further discriminate between collision cell CID and ion trap CID. In collision 
cell CID, that is, in TQ and Q–TOF instruments, after acceleration of the precursor 
ions with 10–60 V, collisions are performed with N2 or Ar.
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4.3.3  General Aspects of MS–MS Instrumentation

The MS–MS instrument comprises a combination of two mass analyzers. The first 
and second stage of mass analysis may be performed by the same type of mass ana-
lyzer, like in a triple quadrupole or an ion trap instrument. In TQ instruments, the 
three steps of the MS–MS process (precursor ion selection, CID, and mass analysis 
of product ions) are performed in spatially separated devices (“tandem-in-space”), 
whereas in an ion trap instrument, the three steps are performed one-after-another in 
the same device (“tandem-in-time”) [35]. In hybrid instruments, the first and second 
stage of mass analysis is performed in two different types of mass analyzers, e.g., 
in a first-stage quadrupole and second-stage TOF in a Q–TOF instrument, or a first-
stage quadrupole and second-stage linear ion trap in a Q–LIT instrument.

An MS–MS instrument may be used to study the fragment ions of selected pre-
cursor ions and is therefore an indispensable tool in fundamental studies on ion gen-
eration, ion–molecule reactions, unimolecular fragmentation reactions, and identity 
of ions. It also plays an important role in analytical applications of MS, both in 
qualitative and in quantitative analysis, e.g., in applications involving the online 
coupling of MS as a detector to GC–MS and LC–MS.

4.3.4  MS–MS in Sector Instruments

As indicated before, the basis of MS–MS lies in the observation of metastable ions 
or, perhaps more accurately, of the fragment ions of metastable ions. In order to 
detect these ions, linked scan procedures are required. In a magnetic sector instru-
ment, featuring kV-acceleration of ions from the ion source and thus providing 
significant kinetic energy to the ions, an in-source-generated fragment ion with a 
particular m/z has a higher kinetic energy than a post-source-generated fragment 
ion, the so-called metastable ion. Adjustment of the acceleration voltage (V), or 
the electric (E) and magnetic (B) fields in a double-focusing sector instrument is 
required to observe the metastable ions or their fragments. In a linked scan, the 
two fields are automatically adjusted at the same time. In most cases, linked scan 
procedures are applied in the first field-free region, e.g., E2/V or B/E to observe the 
fragment ions and B2/E to observe the precursor ions [19, 36].

As a result of the introduction of alternative MS–MS instruments, which are 
more cost-effective and easier to operate, the double-focusing sector instruments 
are hardly used in MS–MS. The same holds for hybrid MS–MS systems comprising 
sector instruments combined with quadrupole or ion trap building blocks.

4.3.5  MS–MS in Tandem Quadrupole Instruments

Probably, the most widely used MS–MS configuration is the TQ instrument, where 
mass analysis is performed in the first and third quadrupoles, while the second 
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quadrupole is used as collision cell in the radiofrequency (RF)-only mode, i.e., in 
a Q–qcoll–Q configuration (Fig. 4.3). The TQ instrument was initially developed 
by Yost and Enke [21] in the late 1970s. Upon its introduction, the TQ instrument 
yielded significantly better product-ion resolution than the sector instruments, used 
for MS–MS at that time. The acquisition of a product-ion spectrum was greatly 
facilitated.

In addition, various structure-specific screening procedure of triple quadru-
pole instruments were introduced, e.g., the precursor ion and neutral loss analysis 
mode [37, 38]. In the precursor ion analysis mode, MS1 is operated in scanning 
or full-spectrum mode, whereas in MS2 a structure-specific product ion is moni-
tored. In the neutral loss analysis mode, both quadrupole mass analyzers are oper-
ated in scanning mode, but with a fixed m/z offset corresponding to a structure-
specific neutral loss in the fragmentation reaction. These scan modes have been 
successfully applied for structure-specific screening in order to search for specific 
compound classes in complex matrices, as demonstrated by the screening for two 
classes designer drugs in urine [39], or for glutathione and cyanide-trapped reactive 
drug metabolites [40], to quote two recent examples. Apart from these analytical 
applications, these analysis modes can be very useful in the study of fragmenta-
tion reactions. The precursor ion analysis mode allows to determine which is (or 
are) the precursor ion(s) of a particular product ion, thus answering the question 
whether a particular product ion is formed from a particular precursor ion in a one-
step dissociation reaction or an intermediate step has been involved. This enables 

Fig. 4.3  Schematic diagram and photo of tandem quadrupole mass spectrometer. The photo is 
taken from a Waters tandem-quadrupole instrument, featuring a travelling wave stacked ring 
RF-only collision cell. (©2013, hyphen MassSpec)
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more detailed studies on fragmentation pathways, as for instance demonstrated for 
naloxonazine and naloxone, zwitterionic morphine opiate antagonists [41], and for 
morphine and related opiates [42].

Although usually called a triple quadrupole instrument, because of the initial 
lineup of two analyzing quadrupoles and a quadrupole collision cell, the term tan-
dem quadrupole (TQ) would nowadays be more appropriate to describe the com-
mercially available instruments. The gas-filled collision cells operated in RF-only 
mode and enabling refocusing of ions scattered by collisions result in significant 
transmission losses. In attempts to reduce these losses, alternative collision cells 
have been implemented by various instrument manufacturers, e.g., RF-only hexa-
poles or octapoles, a linear acceleration high-pressure collision cell (LINAC) [43], 
or a stacked ring collision cell (see Fig. 4.3), featuring an axial travelling wave or 
transient DC voltage to propel the ions and to reduce the transit times [44].

4.3.6  MS–MS in Q-TOF Instruments

The Q–TOF instrument can be considered as a modified TQ instrument, where the 
third quadrupole has been replaced by an orthogonal acceleration reflectron-TOF 
mass analyzer. The first commercially available Q–TOF instrument was produced 
in 1996, especially aiming at peptide sequencing analysis [24], but the instrument 
has found much wider application, especially in the structure elucidation stud-
ies. Q–TOF instruments are now available from various instrument manufactur-
ers. Where fragmentation characteristics in the collision cell are the same for TQ 
and Q–TOF, a significant advantage of Q–TOF over TQ in structure elucidation 
is the ability to determine the m/z values of both precursor and product ions with 
higher mass accuracy ( < 5 ppm), which is due to the high resolving power of the 
reflectron-TOF analyzer. Principles and applications of Q–TOF hybrid instruments 
have been reviewed by Chernushevich et al. [45].

4.3.7  MS–MS in Q–LIT instruments

The hybrid quadrupole-linear ion trap (Q–LIT) instrument, introduced in 2002, also 
has the general layout of a TQ instrument, but in the Q–LIT, the third quadrupole 
can be operated (under software control) as either a normal linear quadrupole or 
a linear ion trap [25]. When used as a linear ion trap, it provides accumulation of 
ions prior to detection, thus enabling ion trap full-spectrum sensitivity, while still 
acquiring collision cell CID spectra. Hardware, electronics, and software control of 
the Q–LIT instrument have been optimized to allow very rapid switching between 
various MS and MS–MS experiments. The potential of Q–LIT instruments in struc-
ture elucidation can be readily demonstrated, e.g., by comparing the information 
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content between collision cell and ion trap product ion mass spectra [46]. Com-
mercial Q–LIT systems provide a wide variety of typical operating modes [47] (see 
also: Sect. 4.4.5).

4.3.8  Reactive Gases in Collision Cells

Instead of using inert collision gases like He, N2, or Ar in CID, one might also con-
sider using reactive gases. The use of reactive collision gases like H2, CH4, and NH3 
in RF-only quadrupoles, hexapoles, or octapoles has become a common practice in 
inductively coupled plasma (ICP) MS in order to reduce contributions of interfering 
ions in trace level determination of elements by ICP-MS [48, 49]. Different setups 
have been described by different instrument manufacturers.

Reactive collision gases have also been used in organic MS. Pioneering experi-
ments involved the study of the formation of an adduct ion between protonated 
esters and ammonia in the collision cell of a TQ instrument [50]. Since then, nu-
merous examples have been reported such as the study of gas-phase reactions of 
dilactones, psorospermin, and quabalactone diterpenes [51], different phospholipid 
classes [52], ethyl vinyl ether, the transacetalization with gaseous carboxonium and 
carbosulfonium ions by collision cell reactions with cyclic acetals and ketals [53], 
and ketalization of phosphonium ions using 1,4-dioxane [54].

This type of gas-phase ion–molecule reactions have especially been used to dis-
criminate between isomeric species. Collision cell reactions of isomeric tetrachloro-
dibenzo-p-dioxins (TCDDs) molecular anions, generated by electron capture nega-
tive ionization, and O2 were applied to discriminate isomeric forms by determining 
the number of chlorine atoms on each ring [55]. Other examples comprise reactive 
collisions between isomeric C2H3O

+ and C2H6O
+ ions and 1,3-butadine or benzene 

[56], and differentiation of isomeric 1,2-cyclopentadiols via reactive collision with 
NH3 [57].

Data acquisition in the neutral gain analysis mode, where both quadrupole mass 
analyzers are operated in scanning mode but with a fixed m/z offset depending on 
the reaction performed, has been applied to efficiently monitor these type of gas-
phase reactions in complex mixtures of, e.g., phospholipids [52] and phosphonium 
ions in relation to chemical warfare agents [54]. The ethyl vinyl ether reaction with 
phospholipids yields a neutral gain of 26 Da for phosphatidylglycerols and of 57 Da 
for phosphatidylinositols [52], whereas the reaction of the phophonium ion with 
1,4-dioxane yields a neutral gain of 44 Da [54].

A pentaquadrupole (PQ-MS) instrument, thus featuring Q–qcoll–Q–qcoll–Q, has 
been developed and extensively used for the study of gas-phase ion–molecule re-
actions [58, 59]. The PQ-MS instruments obviously allow sequential product-ion 
analysis, i.e., MS3 experiments, but other types of experiments are possible as well. 
The PQ-MS instrument can be used to perform reactive collision of selected ions 
either in the first or the second collision cell, as illustrated with a wide variety of 
examples [59].
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4.4  Ion-Trapping Devices: Quadrupole Ion Traps 
and FT-ICR

4.4.1  Introduction

In most of its applications, the mass spectrometer can be considered as a detector, 
providing a tool to perform mass analysis, that is to separate ions according to their 
m/z value either in time, as is mostly done, or in space. Some instruments, especially 
those providing the trapping of ions over a considerable period of time, allow ad-
ditional experiments as during trapping some parameters may be changed, reactive 
species may be introduced, and the results of such actions may be monitored. The 
instruments showing best perspectives in this respect are FT-ICR and ion trap in-
struments. This section provides an introduction to MS using ion traps and FT-ICR 
instruments and highlights some examples in fundamental ion chemistry studies.

4.4.2  Ion Trap Mass Analysis

A typical ion trap, also called quadrupole ion trap or three-dimensional ion trap, 
consists of a cylindrical ring electrode to which a quadrupole RF field is applied, 
and two end-cap electrodes [60, 61] (Fig. 4.4). The end-cap electrodes contain holes 
for the introduction of ions from an external ion source and for the ejection of 
ions out of the trap towards the external electron multiplier detector. The ion tra-
jectories in the trap are stabilized by a He bath gas (~ 1 mbar). With respect to 
ion trap actions, the individual steps in the mass analysis process are performed 

Fig. 4.4  Explanatory photo of a three-dimensional ion trap featuring essential elements of the 
device. (©2013, hyphen MassSpec)

 



94 W. M. A. Niessen

consecutively in time. Thus, the acquisition of a mass spectrum requires two steps: 
(a) injection of ions by means of an ion injection pulse of variable duration and 
storage of the ions in the trap by application of an appropriate low RF voltage to 
the ring electrode, (b) ramping the RF voltage at the ring electrode (and eventually 
the application of additional waveforms to the end-cap electrodes) to consecutively 
eject ions with different m/z-values (resonant ion ejection) from the trap towards the 
external detector [60].

As the number of ions that can be stored in the trap is limited by space charge 
effects, software procedures have been developed to control the number of ions in 
the ion trap by varying the duration of the ion injection pulse from the external ion 
source with the ion current at the time [61]. Too high numbers of ions in the ion trap 
will adversely influence mass resolution and accuracy. Ion ejection and subsequent 
detection can be achieved with unit-mass resolution, or at enhanced resolution by 
slowing down the scan rate.

More recently, instruments with a linear two-dimensional ion trap (LIT), i.e., a 
linear quadrupole as ion trap, have become commercial available [24, 62, 63]. As 
a LIT is less prone to space charging effects, a higher number of ions can be ac-
cumulated, and enhanced sensitivity can be achieved. Initially, LITs were applied 
in hybrid Q–LIT [24] a LIT and hybrid LIT–FT-ICR-MS [64] instruments, but later 
on stand-alone versions of an LIT were introduced too, thus competing the three-
dimensional ion traps. A dual-pressure two-stage LIT has been reported as well: the 
first high-pressure ion trap serves to capture, select, and fragment ions, whereas 
the second low-pressure ion trap is used to perform fast scanning of product ions, 
eventually at enhanced resolution [65].

4.4.3  MSn in Ion Trap Instruments

Multistage MS–MS (MSn) in ion traps is based on three features of the ion trap 
technology: the possibility to m/z-selectively eject ions from the trap, the constant 
He pressure in the trap which may serve as collision gas, and the possibility to ap-
ply an m/z-selective RF waveform to the end-cap electrodes to excite ions of the 
selected m/z. Thus, after filling the ion trap with ions in the usual way, MS–MS 
can be achieved by (a) selective ejection of all ions except the precursor ion, (b) 
excitation of the selected precursor ion while a low RF voltage is applied to the ring 
electrode to trap the product ions generated, (c) scan out the ions towards the detec-
tor to acquire the spectrum. Excitation of the ions means that the selected ions move 
with wider amplitude, and thus at greater speed through the ion trap. The resulting 
more energetic collisions with the He atoms of the bath gas lead to a gain in internal 
energy and subsequent fragmentation of the precursor ion.

However, the process can also be considered in more general terms (Fig. 4.5): 
one starts with the population of ions, from which the precursor ion is selected, ex-
cited, and fragmented, resulting in a new population of (product or daughter) ions. 
The latter population can either be scanned out to be detected, or can serve in a new 
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series of subsequent steps of the process: selection of a product ion as precursor ion 
in a new MS–MS experiment, to be excited and fragmented, and leading to a new 
population of (granddaughter) ions. In this way, multiple stages of MS–MS or MSn 
(up to 10 stages in most instruments) can be achieved consecutively (“tandem-in-
time” [21]) with the ion trap instrument.

The ion trap MSn thus enables step-wise fragmentation and the acquisition of 
fragmentation trees [66]. Such a fragmentation tree is generated by further frag-
menting selected fragment ions of a particular stage of MSn into a next stage, i.e., 
MSn + 1. This provides a wealth of information in structure elucidation and identifi-
cation of unknowns, as is nicely exemplified for polyphenols [67].

4.4.4  Applications of Ion Trap MSn

Currently, ion trap MS instruments are primarily used for analytical applications, 
i.e., in combination with GC or LC in, among other, environmental, food-safety, 
clinical, pharmaceutical, or biochemical application areas. In many of these appli-
cations, the potential of multistage-MSn plays an important role. The acquisition of 
fragmentation trees enables detailed study on the fragmentation behavior of target 
compounds and/or compound classes, e.g., [67].

However, ion trap MS can also be applied in more fundamental ion chemistry 
studies [68], especially because the reaction time can be varied over several orders 
of magnitude. Due to the He bath gas in the ion trap, the pressure in the ion trap is 
several orders of magnitude higher than in an FT-ICR cell, but much lower than in 
high-pressure MS and FA-MS.

Giving the residence time of ions in the trap, one may anticipate that ion–mol-
ecule reactions would readily take place in the ion trap. In fact, self-protonation of 
several compounds, present at higher concentrations in the ion trap, was observed 

Fig. 4.5  Diagram of the steps involved in multistage MS–MS (MSn) in an ion trap mass spec-
trometer. Top row represents the processes in the ion trap. By means of the processes in the second 
row, output may be generated, either the MSn full spectrum or selected ion (MS1), selected reaction 
(MS2) or consecutive-reaction monitoring (MS>2). (©2014, hyphen MassSpec)

 



96 W. M. A. Niessen

in electron ionization (EI) spectra, thus resulting in [M + H]+ next to M+	● [69]. From 
this observation, it was anticipated that chemical ionization (CI), either via proton-
transfer or charge-exchange reactions, should be possible. Initially, ion trap CI reac-
tions with methane and isobutane as reagent gas were studied [70], but later on the 
headspace vapor of solvents like water, methanol, acetonitrile, acetone, or furan 
were used in CI on ion trap MS instruments [71–74]. Given the ease at which such 
experiments can be done and the interaction time can be varied, gas-phase ion–mol-
ecule reactions with unusual reagent gases can be readily performed in an ion trap. 
Similarly, this type of procedures can be used to determine the proton affinity or 
gas-phase basicity of compounds via the bracketing method using ion trap MS [75]. 
Alternatively, the kinetic method can be applied. By mass-selection and subsequent 
dissociation of proton-bound dimers (A–H+–B), the proton affinity (PA) can be de-
termined, provided the PA of A is known and several proton-bound dimers with 
similar functionalities are available [76].

It allows reaction products to be observed from reactions under either kinetic 
or thermodynamic control. Numerous reports are available, where ion trap MS is 
applied in ion chemistry studies [68], e.g., involving reactions between 1,4-benzo-
diazepines and dimethyl ether ions [77], dissociation of [Alanine + Alkali cation]+-
ions to study the role of the metal cation [78], or regioselective ion–molecule reac-
tions to enable MS differentiation of protonated isomeric aromatic diamines [79]. 
The three-dimensional ion trap mass spectrometer has even been described as a 
complete chemical laboratory for fundamental gas-phase studies of metal-mediated 
chemistry [80].

Ion trap instruments also provide the possibility to study ion–ion reactions, e.g., 
reactions of multiple-charge peptide or protein ions with ions of opposite polar-
ity. Mostly, proton-transfer reaction are performed, but electron transfer, fluoride 
transfer reactions, and even attachment reactions may occur as well [81]. Ion traps, 
either three-dimensional or linear ones, with multiple ion sources are applied in 
such experiments [82].

As indicated before, the ion trap CID process differs from collision cell CID 
in a number of ways, including collisions with a smaller target (He instead of Ar), 
ion excitation by an RF waveform pulse rather than by acceleration of ions in an 
electric field, and the interaction time, which is milliseconds in ion trap CID rather 
than microseconds in collision CID. As a result, different fragmentation pathways 
may be accessible in ion trap CID compared to collision cell CID. Ion trap CID 
is generally considered to be softer, thus both requiring and enabling multistage 
MSn experiments to generate a wealth of structural information. The lower energy 
involved in ion trap CID also is at the basis of the generation of fragmentation trees 
and stepwise fragmentation strategies [66]. Another feature is that [M + Na]+-ions 
may be fragmented in ion trap MSn, whereas they are generally not in TQ and 
Q–TOF instruments. This is extensively applied in the structure characterization of 
oligosaccharides [83]. Interestingly, [M + Li]+-ions, e.g., of (phospho)lipids, may 
be fragmented by both TQ and ion trap instruments [84, 85], suggesting that it is 
the short ion residence time that prevents [M + Na]+ to be fragmented in TQ instru-
ments. Other interesting features of the fragmentation of lithiated (phospho)lipids is 
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the loss of lithium salts of fatty acids, next to the loss of fatty acids [84, 85], and the 
ability to apply charge remote fragmentation of lithiated lithium salts of unsaturated 
fatty acids to determine double bond positions [86].

4.4.5  Hybrid Systems Involving Ion Traps

A number of hybrid tandem mass spectrometer systems, in which ion traps are in-
volved, are commercially available. Ion traps can be applied either in the first stage 
(MS1) or in the second stage (MS2) of mass analysis.

In the Q–LIT hybrid [25] instruments, an ion trap is implemented as the second 
stage of mass analysis, either for accumulation of ions to achieve improved sensitiv-
ity after collision cell CID [25, 46], and/or to perform MSn [25, 46, 47]. The Q–LIT 
instrument can either be operated as a conventional TQ instrument or as the hybrid 
instrument. In TQ mode, the instrument is capable of all acquisition modes of a 
TQ, including SRM. In the hybrid mode, full-spectrum data can be acquired in the 
enhanced product ion (EPI) mode with up to 60-fold enhanced sensitivity compared 
to TQ instruments. Next to the enhanced multiple-charge scan and the time-delayed 
fragmentation scan, the system allows the acquisition of MS3 spectra, with the sec-
ond dissociation step to be performed in the LIT [46, 47].

If the ion trap is implemented as the first stage of mass analysis (MS1), it gener-
ally serves several functions. Next to acting as a “filter” with respect to the number 
of ions that are transferred to the second stage, based on the duration of the ion ac-
cumulation in the ion trap, MSn experiments may be performed prior to transferring 
a package of ions to the second stage. Thus, in such hybrid systems, no collision cell 
has to be present between the first and second stage of mass analysis.

This is true for ion trap hybrids with FT-ICR-MS (see Sect. 4.4.7) and Orbi-
trap (see Sect. 4.4.9) instruments, but also for the ion trap–time-of-flight hybrid 
system. The latter system has been pioneered by the group of Lubman [87, 88]. It 
has become commercial available for both MALDI and LC–MS applications [89]. 
All these hybrid MS system are frequently applied in combination with LC and 
electrospray ionization in, for instance, drug metabolite identification studies and in 
various proteomics-related studies.

4.4.6  Mass Analysis in Fourier Transform Ion Cyclotron 
Resonance Instruments

A Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR-MS) can 
be considered as an ion trap system, where the ions are trapped in the magnetic field 
rather than in a quadrupole electric field. The ICR cell is a cubic or cylindrical cell 
positioned in a strong magnetic field B (up to 15 T). The cell consists of two oppo-
site trapping plates, two opposite excitation plates, and two opposite receiver plates 
(Fig. 4.6). Extreme high vacuum should be achieved in the cell, e.g., 10−9	mbar. 
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An ion of mass m, with velocity v, and z elementary charges describes a circle of 
radius r, perpendicular to and around the magnetic field lines. The resulting cyclo-
tron frequency ωc can be written as:

where f is the frequency in Hz. The cyclotron frequency is thus inversely propor-
tional to the m/z value. When ions, trapped in their cyclotron motion in the cell, are 
excited by means of an RF pulse at the excitation plates, the radius of the cyclotron 
motion increases and ions with the same m/z values start moving in phase. This 
coherent movement of the ions generates an image current at the receiver plates. As 
the coherency of the ion movement is disturbed in time, the image current signal 
decays in time as well. The time domain signal from the receiver plates contains all 
frequency information of the moving ions present in the cell. By applying Fourier 
transformation, the time domain signal can be transformed into a frequency domain 
signal, which can subsequently be transformed in a regular mass spectrum by ap-
plication of the equation above [23].

Characteristic features of an FT-ICR-MS instrument are an extremely high 
(mass-dependent) resolution, i.e., in excess of 105 (FWHM), and a dynamic range 
of five orders of magnitude. For many years, FT-ICR-MS has primarily been used 
in fundamental studies of gas-phase ion–molecule reactions only. Due to its high-
resolution and MS–MS capabilities, the application of FT-ICR-MS in combination 
with electrospray ionization for the characterization of large biomolecules has been 
investigated more recently [90]. At present, FT-ICR-MS plays an important role 
in top-down strategies to characterize proteins [91, 92]. For this purpose, more 
user friendly instruments have been introduced by the instrument manufacturers, 
featuring hybrid systems with either front end quadrupole [93] or ion trap systems 
[64, 94].

4.4.7  MS–MS in FT-ICR-MS

As targeted ions can be selectively trapped in the ICR cell, while unwanted ions 
can be eliminated by the application of RF pulses, the MSn procedures in an FT-
ICR-MS instrument greatly resemble those in an ion trap instrument. However, 
successful operation of an FT-ICR-MS instrument requires extreme low pressures 
in the cell. Thus, the vacuum constraints hamper the possibilities of performing 
CID in the FT-ICR cell [23]. This problem can be elegantly solved by the use 
of hybrid systems where fragmentation is performed prior to transfer of ions to 
the ICR cell [64, 93, 94]. Alternatively, alternative ion activation methods can be 
applied to induce fragmentation in the FT-ICR, such as infrared multiphoton pho-
todissociation (IRMPD) and sustained off-resonance irradiation (SORI) [32, 33]. 
More recently, electron-capture (ECD) and electron-transfer dissociation (ETD) 
have been introduced as powerful ion dissociation tools, especially for peptides 
and proteins [34].

2 / /c f v r Bez mω π= = =
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4.4.8  Application of FT-ICR-MS in Fundamental Studies

Numerous examples are available in the scientific literature, where the application 
of FT-ICR-MS in fundamental studies concerning ion–molecule reactions is report-
ed. FT-ICR-MS instruments are highly versatile tools in the study of ion–molecule 
reactions, as they enable control of reaction time and energy, selection of reactant 
and product ions, as well as structure characterization of reactants and products us-
ing MSn procedures [95]. Gas-phase ion–molecule reactions of organic anions have 
been discussed by Nibbering [96]. Gas-phase reaction molecules of transition metal 
ions and biomolecules have been discussed by Freiser [9].

Combined with electrospray ionization or MALDI, FT-ICR-MS is a very attrac-
tive tool for gas-phase studies of biomolecules such as peptides and proteins, oligo-
nucleotides, and oligosaccharides. The possibility to trap ions for prolonged periods 
of time, even up to thousands of seconds, can be applied in the study of gas-phase 
ion–molecule reactions. Application of proton-transfer reactions in ICR cells in the 
study of biomolecules has been reviewed [97]. Detailed structural as well as con-
formational studies on biomolecules rely on H/D-exchange experiments, for which 
FT-ICR is an excellent tool, e.g., [98, 99].

4.4.9  Orbitrap Mass Spectrometry

Although both FT-ICR-MS and Orbitrap-MS are based on the acquisition of mass 
spectra by the Fourier transformation of image currents of trapped ions, the FT-ICR 
can be considered as a high-vacuum gas-phase reaction cell, whereas the Orbitrap is 
just applied to perform high-resolution measurement of populations of ions. How-
ever, the ion optical tools required to deliver the package of analyte ions in the 
Orbitrap provides ample possibilities for advanced ion chemistry experiments and 
or ion dissociation steps. The initial instrumental setup of the Orbitrap consisted of 
a LIT–Orbitrap hybrid configuration, featuring a LIT to control the number of ions 
transferred to the Orbitrap and to perform MSn, when necessary, a so-called C-trap 
which essentially is a curved high-pressure quadrupole to direct the ion package 
into the Orbitrap, and the Orbitrap itself [28]. As the ion trap system in this com-
mercial LIT–Orbitrap instrument is equipped with separate off-axis detectors, si-
multaneous acquisition of high-resolution precursor ion and unit-mass resolution 
product-ion spectra can be achieved. Subsequently, it was demonstrated that CID 
could be achieved in the C-trap, which turned to be more like collision cell CID than 
like ion trap CID [100]. Separate higher energy collision RF-only octapoles (higher 
energy CID, HCD) were mounted on LIT–Orbitrap systems to make optimum use 
of this feature. Such a system can be considered as a gas-phase chemistry laboratory 
by its own, featuring different ways to perform fragmentation, i.e., ion trap CID, 
HCD, and eventually ETD, as well as different ways to measure the m/z values of 
the resulting ion (unit-mass resolution with the ion trap, up to ultra-high resolution 
at the Orbitrap). The HCD-cells also lead to stand-alone Orbitrap (Exactive TM) and 
Q–Orbitrap hybrid systems (Q-Exactive TM) [101].
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4.4.10  Comparison of MS–MS Strategies

It is obviously difficult to compare the different instruments and ion dissociation 
techniques. Some comparison between high-energy CID and low-energy CID are 
given in Sect. 7.5. However, in this respect, a review paper of Wuhrer et al. [102] on 
glycopeptide characterization by MS–MS is of interest. Wuhrer et al. [102] compared 
a range of fragmentation techniques with respect to the information content upon 
fragmentation of a tryptic glycopeptide (Ser295–Arg313 from horseradish peroxidase). 
For this glycopeptide, CID in ion trap instruments primarily provided information 
on the glycan sequence, whereas in collision cell CID, e.g., in a Q–TOF instrument, 
cleavage of glycosidic bonds are induced at low-collision energy and peptide back-
bone cleavages at higher collision energies. Electron-transfer dissociation (ETD) in 
an ion trap instrument or electron-capture dissociation (ECD) in FT-ICR-MS leaves 
the glycan unaffected and provides peptide backbone cleavages. Infrared multipho-
ton dissociation (IRMPD) in FR-ICR-MS again provides information on the glycan 
structure. In high-energy CID in a TOF–TOF instrument after MALDI, both peptide 
sequence ions and fragmentation of glycosidic bonds is obtained [102].

4.5  Flowing Afterglow Mass Spectrometry

4.5.1  Introduction

The flowing afterglow (FA) is a flow reactor tube. Ions are produced by an ion 
source at the upstream end of the tube. These ions are carried by a buffer gas (He or 
Ar) and thermalized to room temperature down the flow tube. On their way down, 
they react with neutral molecules added downstream in the tube. The (ionic) reac-
tion products can be monitored in a number of ways, including optical spectroscopy 
and MS. In the latter case, the resulting swarm of ions is sampled through an orifice 
into a high-vacuum chamber where they are mass analyzed and detected.

The FA-MS technique was originally developed in the early 1960s by the group 
of Ferguson [103] at the Environmental Science Services Administration (ESSA) 
Aeronomy Laboratory (now the National Oceanic and Atmospheric Administration, 
NOAA) in Boulder, CO. Their FA device, coupled to a quadrupole mass spectrom-
eter, was initially used to study reactions of He+-ions with atmospheric components, 
such as O2, N2, CO, NO, and NO2. It provided new insights on ion–molecule dis-
sociative charge-transfer reactions [103].

Over the years, the FA technique has undergone continuous refinement and de-
velopment and found a wide variety of applications, e.g., in fundamentals of ion–
molecule reactions and in atmospheric and interstellar chemistry [104]. The FA 
technique enables the generation of high-density, steady state populations of ions 
and reactive neutral species with well-defined thermal energy distributions. The 
reaction conditions can be carefully controlled among others due to the temporal 
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and spatial separation of the source and reaction regions. The inherent simplicity 
and flexibility of the FA technique allows for straightforward adaptation to other 
experiments.

An important adaptation of the FA technique comprises the implementation of 
ion separation methods, which allows for more advanced flow drift tubes and se-
lected ion flow tubes (SIFT) [105, 106] (see below). More recently, flow drift tubes 
(see Sect. 4.6) and flowing atmospheric pressure afterglow (FAPA) devices [107] 
have been developed.

4.5.2  Instrumentation

A typical FA-MS instrument consists of a 1-m long, 7–10-cm inner diameter (ID) 
pyrex, quartz, or stainless steel tube. A typical setup is shown in Fig. 4.7. By means 
of a high-speed, high-capacity mechanical pump, a pressure between 0.2 and 
2.0 mbar is maintained, while a continuous flow of buffer gas (He or Ar, 100–200 
STP ml/s) is introduced. At the upstream end, ions are generated, which are ther-
malized by collisions with the buffer gas. Initially, ions were generated by a weak 
microwave discharge in the He or Ar carrier gas, resulting in He+	● or Ar+	● ions. As 
the linear velocity of the buffer gas is in the range of 50–100 m/s, the ion residence 
time in the flow reactor is a few ms. The primary ions may then react in ion–mol-
ecule reactions with neutrals, introduced via an inlet. As a result, the afterglow may 
be observed, resulting from visible photoemission from excited ionic and neutral 

Fig. 4.7  Schematic diagram of a flowing afterglow mass spectrometry setup. The system is setup 
to perform reactions with H3O

+. Other primary ions can be generated by other types of ion sources. 
(Adapted from ref. [121]	 and	Smith,	D.;	Španěl,	P.:	Selected	 ion	 flow	 tube	mass	 spectrometry	
(SIFT-MS) for online trace gas analysis. Mass Spectrom Rev. 24, 2005, 661–700] with permission 
of Wiley. ©2001 and 2005, Wiley, Ltd.)

 



1034 Experimental Methods and Instrumentation

species. The reaction mixture is sampled by an ion sampling orifice (0.2–2 mm ID) 
into a differentially pumped housing of the mass analyzer. While the pressure is 
reduced to high vacuum, the ions are focused and mass analyzed by a quadrupole 
mass analyzer and detected by an ion multiplier. Next to establishing the identity of 
the reaction products based on the m/z of the ions detected, the setup allows deter-
mining reaction rate coefficients by monitoring the decay of reactant ion intensity as 
a function of the flow of neutral reactants at a constant reaction time.

From the basic setup, just described, one may conclude that an FA instrument is 
a modular instrument, consisting of an ion source, a flow reactor tube, and a (mass 
spectrometric) detector as the building blocks. Each of the building blocks may be 
modified or adapted to the specific needs of the experiment to be performed.

Different types of ion sources may be introduced, e.g., instead of the micro-
wave discharge ion source, ions may be generated by electron ionization, using 
electron emission from a heated filament. Ion generation in a high-pressure ion 
source allows the generation of cluster ions by termolecular association of ions with 
one or more neutrals, which may then be studied in FA-MS. Thermoionic emission 
filaments doped with alkali metal salts allows the generation of alkali metal ions 
[108] or even Ag+ or Cu+ ions [109]. Even, ion generation by electrospray ioniza-
tion in combination with FA-MS has been reported [110]. In SIFT [105, 106], the 
ion source is combined with a quadrupole mass filter in order to select a particular 
ion from the various ions generated in the source to be introduced into the flow reac-
tor. This allows an even wider range of potential ion sources to be used.

The inlet for the neutrals may have a fixed or a variable position at the flow 
reactor. The sample inlet may be a controlled flow of a trace gas, a breath sample, 
or a headspace sample, introduced via a heated sampling line (Fig. 4.7). Variation 
of temperature, by external heating of the flow tube, and ion kinetic energy may be 
applied as well.

Instead of the quadrupole mass analyzer, other types of detectors may be used, 
e.g., other types of mass analyzers like TOF-MS, tandem mass spectrometers (TQ 
instruments), but also devices for optical and photoelectron spectroscopy or neutral 
product analysis, ion photodissociation, or photoemission [104].

4.5.3  Application of FA-MS

The FA-MS has been applied in a wide variety of areas, including atmospheric and 
interstellar chemistry [111, 112], the study of a wide variety of ion–molecule reac-
tions in order to determine parameters like rate constants and temperature depen-
dence [113], the study of ion chemistry of, for instance, triazoles [114], the study of 
electron attachment to a wide variety of compounds including halogenated alkenes 
and alkanes [115, 116], transitions metal carbonyls [117], and sulfuroxyhalides 
[118], the study of gas-phase proton-transfer and hydride-transfer reactions [119]. 
Analytical applications of FA-MS involve, among others, online breath analysis 
[120–122] and screening for pesticides in food [123].
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The online breath analysis by FA-MS is based on measuring the H/D ratio before 
and after introduction of a known amounts of D2O of HDO into the system. Initially, 
a swarm of primary H3O

+ ions is generated in the FA-MS ion source. These primary 
ions are allowed to react with the water in the exhaled breath analyzed, that is, 
with the H2O, HDO, and D2O molecules in the water vapor (Fig. 4.7). As a result, 
hydrated ions, H3O

+.(H2O)3 or H9O4
+ with m/z 73 are formed, together with their 

isotopic variants H8DO4
+ with m/z 74 and eventually H7D2O4

+ with m/z 75 (correc-
tion is required for the known amounts of H2

17O and H2
18O in natural water sup-

plies). By comparing ion intensities for m/z 73, m/z 74 and eventually m/z 75 before 
and after introduction of D2O or HDO, a noninvasive determination of total body 
water can be performed [121, 122]. More recently, monitoring of H/D abundance in 
breath has found clinical applications, e.g., in determining the extent of abnormal 
accumulation of fluid in the extravascular space in the alveoli of patients with pul-
monary edema [124, 125].

Reactions between Li+, Na+, and K+ -ion clusters with O3, N2O5, and SO2 with 
NO● and CO were studied. In these reactions, the alkali metal ions did not play a 
chemical role, i.e., in forming bonds for instance. Reaction products of the reactions 
with NO● were NO2, O2, and the alkali metal ion. In the reaction with CO, the prod-
ucts were CO2, O2, and the alkali metal ions. Interestingly, the measured reaction 
rate constants are much larger than the rate constants for the analogous gas-phase 
reaction in the absence of the alkali metal ion [108].

4.5.4  Selected Ion Flow Tube Mass Spectrometry

As indicated before, SIFT-MS can be considered as an adaptation of FA-MS [105, 
106]. The major adaptation concerns the selection of the precursor ion by means of 
a quadrupole mass spectrometer prior to its injection in the fast-flowing He carrier 
gas of the FA-MS. In most cases, H3O

+, NO+, or O2
+	● are generated in a microwave 

discharge and used as selected precursor ion. The precursor ion is used to react 
to and ionize trace gases in air or breath samples, introduced downstream in the 
flow tube. The characteristic product ions identify the trace gas constituents; their 
count rates allow quantification. Computer-searchable libraries have been compiled 
to facilitate the identification of the products from reactions of the selected pre-
cursor ions with various classes of compounds, including hydrocarbons, alcohols, 
aldehydes, and ketones, which may be present in breath samples. For identifica-
tion of reaction products, the downstream mass spectrometer is operated in full-
spectrum mode. More accurate quantitation of target compounds can be achieved 
by operating the downstream mass spectrometer in selected ion monitoring (SIM) 
mode [105, 106]. Developments in SIFT-MS instrumentation have been reviewed 
in detail [106]. Portable SIFT-MS instruments have been developed for diagnostic 
breath analysis in a clinical setting. Other applications concern headspace analysis 
of volatiles in the skin or in urine, and the emission of toxic compounds and explo-
sives. The SIFT-MS technique and its applications are discussed in more detail in 
Sect. 8.3. SIFT-MS systems are commercially available.
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4.5.5  Proton-Transfer Reaction Mass Spectrometry

Proton-transfer reaction mass spectrometry (PTR-MS) can be considered as a de-
rivative of the SIFT technique [126, 127]. Two changes are made, relative to SIFT. 
In PTR-MS, the front-end mass analyzer to select the reactant ion has been replaced 
by a hollow-cathode discharge source, capable of a highly efficient generation of 
primary H3O

+ ions, taking away the need for the mass filter. The long FA or SIFT 
flow tube has been replaced by a short drift tube, where the air from the sample is 
applied as carrier gas. As a result, PTR-MS has become a very easy-to-use and sen-
sitive tool for the detection of volatile organic compounds (VOCs) in air. As such, 
it is frequently applied for environmental studies related to industrial and anthropo-
genic emission of VOCs, in plant studies, in relation to flavors in food, food qual-
ity, as well as in (clinical) breath analysis [127]. A recent adaptation of PTR-MS is 
the so-called selective reagent ionization approach (SRI-MS), where other primary 
ions such as O2

+, NO+, Kr +, or Xe+ can be chosen as reagent ions [128]. PTR-MS 
systems are commercially available.

4.6  Drift Tubes and Ion Mobility

4.6.1  Introduction

Whereas FA-MS is applied to study reactive collisions between ions and neutrals, 
static drift tubes are used for the study of the nonreactive ion-neutral interactions to 
determine diffusion and mobility characteristics [104, 129, 130]. A flow drift tube 
consists of (a) an ion-generation region, (b) a charge-separation region, (c) an ion 
shutter, (d) the actual drift-reaction region, and (e) an analyzer, which in the pres-
ent discussion is a mass spectrometer. Ions can, in principle, be generated by any 
means. A radioactive 63Ni-foil is the most common ionization source in drift-tube 
experiments, although techniques like photoionization, thermionic emission, and 
corona discharges have been used as well. The charge-separation region is applied 
to assure only either positive or negative ions to enter the drift region via the ion 
shutter. The ion shutter, consisting of two fine-mesh grids connected to a modulat-
ing power supply, enables pulse-wise introduction of ions into the drift tube, thus 
allowing for drift time measurements. In the drift reaction region, a uniform axial 
electric field gradient is maintained with a series of guard rings, separated by elec-
trically insulating spacers and connected with appropriate precision resistors. Once 
in the drift tube, the ions are subjected to this homogeneous electric field (typically 
1–1000 V/cm). This electric field drives the ions through the drift tube, where they 
interact with the (countercurrent) buffer gas (He, N2, Ar). In absence of the drift 
field, the device functions as a flowing-afterglow device. However, with the drift 
field on, the ion velocity is the sum of flow velocity and drift velocity, the latter 
being determined by the mobility of the ion. The drift tube experiments may be 
considered as gas-phase electrophoresis.
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Drift-tube experiments have been applied to study the energy dependences of a 
wide range of reactions and to correlate these to temperature dependences. Reac-
tions like proton transfer and charge exchange, which proceed at or near the limiting 
collision rate, generally show little variation with ion kinetic energy. Slow reactions 
that show significant temperature dependence, often show substantial kinetic en-
ergy dependence. However, data must always be interpreted with care [104].

4.6.2  Ion Mobility

In its simplest form, the drift-tube ion-mobility system measures how fast a given 
ion moves in a uniform electric field through a given atmosphere. Thus, an ion-
mobility system separates ions by shape and charge. The flow drift technique can be 
applied to determine quantities like ion mobility and diffusion coefficient, as these 
are functions of the nonreactive attractive and repulsive ion-neutral interactions 
[129, 130]. Ion mobilities have been measured for a wide range of ions in several 
buffer gases (He, N2, Ar). With Ar as buffer gas, the mobility can be predicted with 
reasonable accuracy, whereas the measured mobility in He shows poor agreement 
with theoretical predictions [131].

Ion mobility is a measure of how fast an ion moves through the buffer gas under 
the influence of an electric field. As larger ions undergo more collisions with the 
buffer gas, they will have longer drift times than smaller ions. Higher charge states 
of an ion experience a greater effective drift force, and thus show higher mobil-
ity than the lower charge states. In practice, expressing ion mobility as reduced 
mobility is more useful, as it allows comparison between different experimental 
conditions. From the reduced mobility, the experimental collision cross-section can 
be determined. There is a good correlation between experimentally determined col-
lision cross-sections and theoretically predicted ones [132, 133].

Based on these concepts, ion-mobility spectrometry initial called plasma chro-
matography or gaseous electrophoresis [134], or gas-phase ion chromatography 
[135], have been developed in the 1970s [129, 130]. Both atmospheric pressure and 
low-pressure ion-mobility spectrometry (IMS) systems have been used to study gas-
phase chemistry, including differentiation between isomeric species [129, 130]. As 
chemical species can be separated based on their ion mobility, the drift time can 
be used to generate a response characteristic for the chemical composition of the 
measured sample. Given the speed, at which the separation and detection occurs (ms 
range), its ease of use, relatively high sensitivity, and the highly compact design, 
commercial ion-mobility spectrometers are used as a routine tool for the field detec-
tion of explosives [136], drugs of abuse, and chemical weapons [137], for instance 
at airports. Handheld IMS-based systems have been developed for this purpose. IMS 
systems have also been used as detectors for chromatography [130], including GC, 
LC, and supercritical fluid chromatography (SFC).
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4.6.3  Ion-Mobility Spectrometry–Mass Spectrometry

The online combination of ion-mobility spectrometry devices with mass spec-
trometry obviously results in a very attractive tool to combine analysis of con-
formation and shape, as performed in IMS, with the analysis of m/z and struc-
tural features, as performed in MS. Ion-mobility spectrometry–mass spectrometry 
(IMS–MS) has been pioneered by the groups of Bowers [138] and Clemmer [139, 
140]. In most cases, ion-mobility devices have been interfaced to quadrupole or 
TOF instruments. IMS–MS provides a rapid gas-phase separation step prior to 
MS analysis, enabling the identification of ions with different drift time, thus 
with different collisional cross-sections, as well as the measurement of collisional 
cross-sections and correlations to size, shape, and conformation. It may also help 
understanding ionization characteristics and fragmentation pathways, as a better 
understanding of gas-phase ion structures is obtained [141]. Instrumental devel-
opments in IMS–MS have been reviewed by the group of Hill [142]. The technol-
ogy is intensively used to study protein conformations in the gas phase, which, 
for instance, provides interesting insights in the development and possible causes 
of several neurodegenerative and neuropathic diseases like Parkinson’s and Al-
zheimer’s disease [143]. However, IMS–MS is also very useful in the study of 
small molecules [141] (Fig. 4.8).

Ion-mobility may be implemented in IMS–MS systems in the form of (a) drift 
tubes, as already discussed [138, 139, 144], (b) differential ion-mobility or high-
field asymmetric waveform ion mobility spectrometry (FAIMS) devices [145–147], 
and (c) traveling-wave ion guide devices [44, 148]. Tandem IMS–IMS–MS systems 

Fig. 4.8  Schematic diagram of a setup for ion-mobility spectrometry–mass spectrometry. 
(Reprinted with permission from ref. [140]. Copyright 1999, American Chemical Society)
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have also been described [149]. This instrument performs an initial ion-mobility 
separation of individual components in a mixture of ions, collisional activation of 
selected ions inside the drift tube, transfer of product ions and subsequent ion-mo-
bility separation to a second drift tube, and mass analysis and detection of the ions 
by TOF-MS, eventually after another CID step [149]. Whereas drift-tube devices 
have been the initial devices to measure and apply ion mobility in combination with 
MS, drift-tube IMS–MS system has only recently become commercially available. 
Nevertheless, successful application of and fundamental studies using IMS–MS 
have been developed in various laboratories [141–144]. In its various forms, IMS–
MS plays an important role in many forefront application areas of biological MS, 
including structural proteomics [150, 151] characterization of protein assemblies 
[152], and chiral and structural analysis of biomolecules [153].

4.6.4  High-Field Asymmetric Waveform Ion-Mobility 
Spectrometry (FAIMS)

In FAIMS, the gas-phase mobility separation of ions in an electric field is achieved 
at atmospheric pressure [145–147]. In its simplest design, the FAIMS device com-
prises two parallel rectangular electrodes at a uniform distance (Fig. 4.9). One 
of the electrodes is grounded, while at the other an asymmetrical waveform is 
applied. The asymmetric waveform is characterized by a significant difference 
in voltage in the positive and negative polarities of the waveform. FAIMS uti-

Fig. 4.9  Operation of an FAIMS device. (Reprinted with permission from [145]. Copyright 2004, 
Elsevier Science Publishers)
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lizes much higher electrical fields (typically 10,000 V/cm) than conventional IMS 
(typically 200 V/cm). Ions drift through the gas between the electrodes and are 
separated depending on their mobility. At low field, the ion mobility is indepen-
dent of the electric field: the drift velocity is proportional to the field strength, 
whereas at high field, the ion mobility becomes dependent on the applied electric 
field. This electric-field dependence of the ion mobility is the basis of FAIMS. 
As a result of the applied asymmetric waveform to one of the electrodes, the ions 
would show a net displacement towards the grounded plate. This net displacement 
can be corrected or compensated for by a DC voltage (compensation voltage), 
and assures that the ions remain between the plates. Scanning of the compensa-
tion voltage allows ions with different mobilities to be monitored (Fig. 4.9). In 
this way, for instance, the mobility separation of phthalic acid isomers has been 
demonstrated [145]. Next to ion mobility separation of ions, focusing of the beam 
is achieved, thus improving the sensitivity in an FAIMS–MS system. In current 
FAIMS devices, various electrode configurations, including various geometries of 
cylindrical electrode devices, are applied [145–147]. Currently, FAIMS devices 
are commercially available and primarily applied in combination with electro-
spray ionization and MS to improve sensitivity and to reduce matrix effects in 
quantitative analysis [147, 154].

4.6.5  IMS–MS Using Traveling Wave Ion Guide Devices

Traveling-wave stacked ring ion guides were initially developed to replace RF-only 
hexapole ion guides, present in commercial MS systems equipped with atmospheric 
pressure ion sources (electrospray or atmospheric pressure chemical ionization), 
to achieve high-transmission ion transport in the vacuum interface. Similarly, they 
were used to replace RF-only hexapole collision cells in tandem quadrupole sys-
tems, both to improve ion transmission and to reduce crosstalk by reducing the 
ion-residence time in the collision cell [44]. The very nature of the device, which 
greatly resembles a drift tube, suggests its application for ion-mobility experiments. 
To this end, a Q–TOF instrument featuring travelling wave ion guides in both the 
vacuum-interface region and the collision cell region was constructed. Initially, ion-
mobility spectra were acquired by storing ions in the source ion guide and gating 
them periodically to the collision cell ion guide. The mobility-separated ions were 
subsequently analyzed using the TOF-MS system [44]. For ion-mobility measure-
ment, the collision cell was operated at 0.2 mbar pressure of Ar.

The initial setup was developed into a hybrid quadrupole–ion-mobility–TOF in-
strument [148]. The collision cell region of this instrument features three traveling-
wave stacked ring ion guides, of which the middle one is used as ion-mobility drift 
tube and the other two may be used as collision cell, when applicable. The 185 mm 
long IMS part is operated at pressures up to 1 mbar with up to 200 ml/min Ar gas, 
whereas the collision cells are 100 mm long and operated at 10−2 mbar with up to 
10 ml/min gas [148]. The system can be used for a wide variety of applications,  
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involving ion-mobility studies, such as protein conformation studies and differentia-
tion of heterogeneities in glycoproteins [155]. By correlating theoretically predicted 
collision cross-sections to measured drift times of a parent drug and its fragments, 
Shimizu et al. [156] generated a calibration plot, which could subsequently be used to 
differentiate between chromatographically separated isomeric glucuronic acid conju-
gates, generated in biotransformation of the parent drug. For isomeric hydroxylated 
metabolites, the differences in drift time are too small, compared to the resolution 
of the IMS separation [157, 158]. Therefore, Shimizu and Chiba [158] introduced 
selective derivatization of aromatic hydroxyl groups of drug metabolites to increase 
the differences in collision cross-sections, and thus in drift times. This allowed differ-
entiation between isomeric forms in the same way as demonstrated for the glucuronic 
acid conjugates [158].

4.7  High-Pressure Mass Spectrometry

The term “high-pressure mass spectrometry” (HP-MS) has been used in various 
contexts over the years. In many studies, the term refers to performing MS experi-
ments with a high-pressure or atmospheric pressure ion source in combination with 
a high-vacuum mass analyzer (in contrast to the high-vacuum ion source), whereas 
in some studies the actual mass analysis is also performed at higher pressures as 
well, e.g., at ~ 1 mbar.

4.7.1  HP-MS: Mass Analysis at Higher Pressure

Mass analysis at higher pressures than the conventional high-vacuum conditions is 
especially of interest in the construction of portable mass spectrometers [159, 160]. 
The most widely used approach in portable mass spectrometers seems to be the use 
of (miniaturized) ion-trap instruments, as these are generally operated at relatively 
higher pressure (~ 1 mbar) due to the He bath gas present [159, 161, 162]. These 
types of instruments are primarily used for environmental monitoring and other 
field studies (explosives, chemical weapons, etc.). As such, they are frequently 
equipped with atmospheric pressure ion sources. Nevertheless, portable mass spec-
trometers based on double-focusing sector, quadrupole, and TOF technology have 
been described as well [159, 163],

4.7.2  HP-MS: High-Pressure Ion Sources

Historically, the introduction of chemical ionization (CI) by Munson and Field [164, 
165] may be considered as the starting point of MS using high-pressure ion sources. 
They studied gas-phase ion–molecule reactions between reagent gas ions, generated 
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in a ~ 1-mbar ion source, with analyte molecules introduced into the source. The 
general purpose of subsequent HP-MS experiments is to perform fundamental stud-
ies of gas-phase reactivity in ion–molecule reactions, preferably under equilibrium 
thermochemical conditions. Several HP-MS instruments have been built and ap-
plied by various groups.

The group of Kebarle [166, 167] initially applied an HP-MS instrument, consist-
ing of a pulsed electron beam, a high-pressure ion source, and a sector or quadrupole 
mass analyzer. The high-pressure ion source comprises a temperature-controlled 
(−	190–650	°C)	reaction	chamber	in	which	a	suitable	reaction	mixture	at	pressures	
of 0.5–10 mbar is ionized by short electron pulses. The ions created react and reach 
equilibrium while diffusing towards the walls of the ion source vessel. The ion 
source	is	sampled	by	means	of	a	3	mm	×	10	μm	slit	towards	a	high-vacuum	chamber	
containing a magnetic sector or quadrupole mass analyzer. A similar system was 
developed to study gas-phase ion equilibria of alkali metal ions like K+ with vari-
ous molecules. The alkali metal ions were generated by thermoionic emission from 
platinum filaments doped with appropriate alkali metal salts [168]. Later on, simi-
lar studies were performed to get a better understanding of electrospray ionization 
[169]. Also, alkali metal ions generated by electrospray ionization at atmospheric 
pressure were pulsed into a ~10-mbar reaction chamber to study reactions with 
amines and small peptides, introduced in the reaction chamber [170].

A very similar experimental setup was applied by the group of Castleman [171, 
172] in their gas-phase ion-equilibrium studies involving gas-phase hydration of 
metal cations like Pb+ and Bi+. A thermocouple in the reaction chamber enabled 
continuous monitoring of the temperature. A gating grid between ion source and 
reaction chamber allowed more accurate control of the energy of the ions entering 
the reaction cell.

Instrumentation for pulsed ionization HP-MS has been developed by the group 
of McMahon [173] and applied in thermochemical studies of relatively nonvola-
tile biomolecules. The instrument consists of a laboratory-built high-pressure ion 
source, focusing and alignment optics, and a double-focusing reversed geometry 
(BE) sector instrument. The ion source is kept in a separate vacuum chamber. The 
setup can be used with either continuous ionization to acquire mass spectra or in 
pulsed mode (5–40 Hz), where the mass spectrometer is operated in the selected ion 
monitoring mode. The temperature-controlled high-pressure ion source is operated 
at 1–10-mbar pressure of a gas mixture prepared in an external reservoir. Ioniza-
tion is achieved by means of a 2-kV electron gun. The high pressure is sampled 
through	a	200-μm	ID	ion-exit	aperture.	When	operated	in	the	pulsed	ion	mode,	the	
time evolution of the ion populations can be monitored to determine reaction rates 
of the ion–molecule reactions. Thermochemical properties and structures of, for 
instance, protonated dimers and trimers of glycine are studied in this way [173]. 
Later on, other gas-phase reactions of, among others, other amino acids are studied 
[174]. Instrumentation and experimental results with HP-MS have been reviewed 
and compared with FT-ICR-MS results [95].
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4.8  Conclusion and Perspectives

This chapter deals with instrumentation and experimental methods to study gas-
phase ion–molecule reactions, especially in relation to ion attachment with alkali 
metal ions. The obvious tools for this are mass spectrometers and tandem mass 
spectrometers. These are discussed in Sects. 4.3 and 4.4. Alternatively, gas-phase 
reactions may be studied in a variety of reaction chambers, either in static mode or 
in flow systems. Examples of the static reaction chambers are high-pressure MS de-
vices (see Sect. 4.7). Examples of flow devices are flowing afterglow and drift-tube 
systems (see Sects. 4.5 and 4.6, respectively). However, next to these tools, there 
are a number of other tools that may be helpful.

In a crossed beam instrument [175], a beam of mass analyzed low-energy ions is 
intersected with a supersonic molecular beam of neutrals of a known chemical spe-
cies. Products of the resulting ion–molecule reaction are energy and mass analyzed 
by a second mass spectrometer, which can be partly, typically for an octant, moved 
around the collision point. In this way, information is gathered on the chemical 
composition and energy of the fragments of the ion–molecule reaction involved.

In neutralization-reionization mass spectrometry (NRMS) [176], the mass spec-
trometer is used to study neutrals rather than ions. The neutrals are generated from 
mass-selected ions by intermolecular charge exchange or intramolecular disso-
ciation reactions. Reionization of the neutrals is subsequently achieved by colli-
sion with gas-phase target atoms (although using photons or electrons has been 
described as well). NRMS can provide valuable information on the structures of the 
neutrals, especially if they are prepared by intramolecular dissociation reactions, as 
well as of their ionic precursors. To exemplify the wealth of information that can be 
obtained in NRMS, NR-spectra can be obtained for all four precursor ion–product 
ion combinations, i.e., positive-ion precursor and product ions, positive-ion precur-
sor ion and negative-ion product ion, negative-ion precursor and product ions, or 
negative-ion precursor ion and positive-ion product ion.

Next to using a mass spectrometer to monitor and detect the product ions gener-
ated in ion–molecule reactions, these ions can also be studied using (laser) spec-
troscopy. One of the challenges in such studies is the low concentration of ions 
present in the source or reaction chamber. Informative reviews on the spectroscopy 
of molecular ions have been published [177–179].
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