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1.1 Mass Spectrometry and Ion Activation

Mass spectrometry is a powerful analytical technique used for the identification of a
compound or the components of a mixture. For this identification, the molecular weights of
the components can be determined based on the mass-to-charge ratio of ions made from
intact constituents of a sample. In addition, fragmentation of the constituents and/or their
ions followed by mass spectrometric detection can be used. Fragmentation can be used to
increase the selectivity and sensitivity of the identification, or to identify the structural units
of an unknown compound. Fragmentation of molecules or ions from a sample can be
achieved before or during the ionization process, or in a separate step after ionization. The
extent to which fragmentation is observed depends on the combination of the mass
spectrometric methods and the properties of the analyte. The internal energy before
ionization and the ionization method influence the energy that is left above the ionization
threshold of the analyte. The fragmentation rate is influenced by the available internal
energy after ionization. The relation between internal energy and rate of a given
fragmentation reaction is a property specific of the analyte. The time available for
fragmentation reactions in the mass spectrometer determines the observed amount of
fragmentation at a given fragmentation rate (see, for example, [1]). The ionization methods
which deposit relatively large amounts of internal energy and therefore often induce
fragmentation, are known as 'hot' ionization techniques, for example 70 eV electron
ionization (EI) and 252Cf plasma desorption (PD). Ionization methods which in principle
allow low energy deposition are referred to as 'soft' or 'mild' processes, for example (multi)
photon ionization ((M)PI), chemical ionization (CI), field desorption (FD), surface ionization
(SI) and electrospray ionization (ESI). Fast atom bombardment (FAB) or fast ion
bombardment, usually referred to as ‘liquid’ secondary ion mass spectrometry (LSIMS)
and matrix-assisted laser desorption/ionization (MALDI) are regarded as intermediate.

Especially with soft ionization methods it is not always possible to obtain sufficient
fragmentation in the ionization process to obtain information about both the molecular
weight and fragment molecular weights in a single stage. It may also be desirable to
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separate the fragmentation from the ionization step, for example in the analysis of
mixtures. Tandem mass spectrometry or MS/MS is a method by which compounds are
analyzed in multiple stages. In the first MS stage, a compound or mixture of compounds is
ionized and ions of a given mass-to-charge ratio are selected. These ions are fragmented
in a following stage, and a fragment mass spectrum is recorded. Another advantage of
separating ionization and activation processes can be the ability to vary the degree of
fragmentation without affecting the ionization efficiency, for example in MALDI.

Many methods which can be used for ionization can also be used to add energy to
ions after the ionization process: irradiation by electrons or photons, collisions with atoms
or collisions with solid surfaces. Collision induced dissociation (CID) utilizes energetic
collisions of ions with a light gas such as He, Ar, Xe or N2 to increase the internal energy of
the ions, and is a common method in tandem mass spectrometry. Recently several
authors have reported on the versatility of ion activation by means of energetic ion/surface
collisions, referred to as surface-induced dissociation (SID) [2, 3]. SID has advantages
such as unity collision probability, high kinetic-to-internal energy conversion efficiency and,
possibly, better reproducibility of fragmentation which could improve fragment library
matching. The utilization of SID in a mass spectrometer instead of CID reduces vacuum
requirements and allows application with wider ion beams, facilitating instrument design.
This thesis is intended to give prospects for the activation of ions by colliding them with a
surface for mass spectrometric applications. In this thesis the possibilities and limitations
of the implementation of SID are studied, SID results from different mass spectrometers
are compared, SID is applied to study macromolecules and is compared to multiple low-
energy CID.

1.2 Polyatomic Ion/Solid Interactions

The study and application of ion/solid collision phenomena have a long-standing
history in physics and have been of importance for developments within the field of mass
spectrometry. Processes occurring upon impact of ions with solids are scattering of the
incident ions, charge exchange, sputtering of ions or neutrals from the surface, trapping,
implantation, emission of electrons or photons, and chemical reactions (see, for example,
[2, 4, 5]). Ion/solid interactions have been used for surface analysis by ion scattering (101-
103 eV), surface modification by chemical reactions (101-103 eV), cleaning and lithography
(102-104 eV), implantation (103-106 eV) and nuclear fission (>107 eV). In addition to ion
activation by SID, mass spectrometric applications of ion/solid collisions include the
detection of ions and ionization methods such as SI, 252Cf plasma desorption, SIMS and
LSIMS.

The laboratory collision energy for SID is in the range of 101-103 eV (low-collision
energy range). In this energy range also other processes occur, which can either obscure
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or augment the information in the SID fragment spectra. Figure 1.1 shows a cartoon
summarizing the processes known to be possible processes upon low-energy ion/surface
collisions. An important process upon ion impact with a surface in the 101-103 eV energy
range is neutralization of the incident ions. Since mass spectrometers commonly detect
charged species, the fragments from the neutralized compound are not useful unless
reionization takes place.

The most important mechanism for internal excitation of polyatomic ions upon their
collision with a solid surface, in which the ion remains charged after the collision, is
impulsive excitation. The first impulsive model developed for dissociative molecule/surface
collisions was based on a diatomic molecule, in which the atoms were forced follow
independent trajectories as a result of the collision. This involved different impact
parameters for each atom and subsequently dissociation could occur [6]. More recently,
models have been proposed inferring vibrational excitation occurring upon compression of
one or more bonds in the collision process [7].

Processes besides ion activation which can occur upon low-energy collisions of
polyatomic ions with a surface are secondary ion and secondary electron emission [8-12]
photon emission [13] and ion/surface reactions [2, 14, 15]. These processes have been
applied in studies both of fundamental and of analytical character. Ion/surface reaction
phenomena are discussed in a following paragraph.

(+/-)

(+/-)+/-

e-

hν

Figure 1.1: cartoon summarizing processes which can occur upon
ion/solid collisions in the 101-103 eV laboratory collision energy
range.
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1.3 Surface-Induced Dissociation in Mass Spectrometry

1.3.1 Instrumentation

The possible employment of SID for mass spectrometric analysis was first
suggested by Cooks et al. in 1975 [16, 17]. In 1977, Gandy et al. reported the use of a
stainless steel collision device inserted in the acceleration region of a time-of-flight (TOF)
mass spectrometer for collisional activation of parent ions, which were selected by an
orthogonally coupled magnetic spectrometer [18]. In 1985, Cooks and coworkers
implemented the SID technique in a hybrid magnetic sector-quadrupole (BQ) mass
spectrometer and demonstrated the efficient fragmentation of small hydrocarbon cations
on a stainless steel collision surface [19, 20]. In the following years, Cooks and coworkers
demonstrated that SID could be implemented in various types of mass spectrometers,
such as TOF [21, 22], 2D quadrupole [23] and quadrupole ion trap (IT) [24] mass
spectrometers. SID has been implemented in a four-sector mass spectrometer by
Jennings and coworkers [25-27], in a Fourier transform ion cyclotron mass spectrometer
(FTMS) in the groups of Wilkins [28-30] and McLafferty [31, 32], and in a TOF mass
spectrometer by Whetten and coworkers [9, 33-36] and Zare and coworkers [37, 38].
Tandem quadrupole mass spectrometers are employed by Wysocki and coworkers [39].

Time-of-flight mass spectrometers have an in principle unlimited mass range and
are routinely combined with both MALDI and ESI as well as with many other ionization
methods. This makes it very attractive to implement SID in a TOF mass spectrometer.
Although good resolution can be obtained with TOF, SID-TOF spectra have been
demonstrated with only low fragment ion resolution [21, 22, 37, 38, 40]. Various factors are
responsible, such as the time distribution of the parent ions at the collision surface and the
initial kinetic energy distribution of the fragment ions leaving the surface. In a tandem
linear geometry, it is necessary that the parent ion beam be time-focused at the collision
surface to have optimal starting conditions for the daughter ions. For optimal resolution in
selection of the parent ions, their time-focusing at the selection device is also necessary.
These two conditions are in conflict when parent ion selection and surface collision are
spatially separate as in previous studies [21, 22, 37, 38, 40]. In Chapter 2 of this thesis,
optimal resolution in parent ion selection has been combined with parent ion time-focusing
at the collision surface by pulsing the voltage on the collision surface. Chapter 3 contains a
comparison between the 90° arrangement of the quadrupole mass spectrometers in
Wysocki's group [39] and the tandem linear TOF set-up at FOM.

1.3.2 The role of the collision surface

Charge retention.  The collection of charged fragments is crucial for the use of SID
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in mass spectrometry. In the early SID experiments by Cooks and coworkers, although the
fragmentation was efficient, neutralization appeared also an efficient process. Fragment
ion yields were found to improve significantly when a thin insulating layer was applied on
top of a conducting surface, compared to yields from a bare conducting surface. Self-
assembled monolayer (SAM) surfaces, consisting of alkanethiol compounds grown on
vapor-deposited or single-crystal gold or silver surfaces, appeared useful [41-43]. Somogyi
et al. have measured the ratio of the ion current before and after ion/ surface collision to
determined the probability of charge retention by the analyte. For 30eV collisions of the
benzene radical cation with C4, C12 and C18 SAM surfaces this is 1.5, 11 and 12%,
respectively, and 66% for a fluorinated (F-) C10 SAM surface [15]. With these SAMs
neutralization could be reduced for a conducting collision surface, which is preferred to
prevent its charging, which could result in an undefined collision energy.

Pradeep et al. proposed a liquid perfluorinated polyether (PFPE) oil film applied to a
conducting surface as an alternative to the F-SAM surface [44]. This surface has the same
properties as the F-SAM surface with respect to fragment ion yield and absence of
charging of the surface. In addition, the PFPE film appeared insensitive to damage by the
incident ion beam or contamination from background hydrocarbon molecules and ions
[44]. Koppers et al. have studied the dissociative scattering of CF3

+ ions from clean and
barium-covered Ag(111) [45, 46] surfaces and from a liquid PFPE film [47, 48]. This
research clearly showed that for the clean metal surface, neutralization and subsequent
electronic excitation was responsible for observed dissociation products, whereas
collisional excitation was dominant for the insulating liquid PFPE surface. The TOF-SID
experiments described in Chapter 2 and 3 of this thesis have also been obtained with the
use of a liquid PFPE film as the collision surface.

Reactivity.  In the SID fragment mass spectra of various radical cations, products
were observed which were ascribed to abstraction of groups from species present on the
surface [2, 22, 41, 42, 49-54]. Ion/surface reaction spectra can be used both to
characterize the reactivity and hence the condition of the collision surface [15, 55] or to
characterize the reactivity of, for example, isomeric ions [56]. In Chapter 3 of this thesis the
ion/surface reactions of (perdeuterated) diphenyl ether molecular and fragment ions with
self-assembled monolayers are reported.

Conversion of kinetic to internal energy.  Of fundamental interest for the
application of SID in mass spectrometry is how efficiently the collisional energy is
converted into internal energy of the incident ions. The composition of the collision surface
influences the energy conversion. Several groups have studied collision-energy dependent
SID fragment spectra to determine energy conversion efficiencies [2, 21, 23, 42, 44, 57]. In
these studies ions of known fragment ion appearance energies are used, referred to as
"thermometer ions". Examples are tetraethylsilane (Si(Et)4

+.) [21, 23], butylbenzene
(C10H14

+.) [2], iron pentacarbonyl (Fe(CO)5
+.) [2] and tungsten hexacarbonyl (W(CO)6

+.)
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ions [42, 44]. Using these thermometer molecules, Cooks and coworkers found average
efficiencies for conversion of kinetic into internal energy of 10-15% for stainless steel and
alkanethiolate SAM surfaces [2] and 17-20% for fluorinated (F-SAM and PFPE) surfaces
[42, 44]. The benzene radical cation was used as a thermometer ion by Vékey et al. [57].
The average conversion efficiency obtained by deconvolution of benzene SID spectra was
higher than obtained from the carbonyl ion spectra: 17% for alkanethiolate SAM surfaces
and 28% for F-SAM surfaces. In Chapter 2 of this thesis energy-resolved benzene SID
spectra, obtained in the tandem linear TOF set-up with a PFPE covered stainless steel
collision surface, are deconvoluted to estimate the internal energy distribution. In Chapter
3, a similar deconvolution of diphenyl ether SID spectra is used to estimate fragmentation
efficiencies at laboratory energies higher than 80 eV. In addition, the energy conversion in
the tandem linear TOF set-up and the tandem quadrupole set-up are compared.

1.3.3 The fragmentation of ions of macromolecules by SID

The efficient kinetic to internal energy conversion by SID makes it a promising
technique for excitation of macromolecules. The more degrees of freedom over which
internal energy can be distributed, the more energy is required to effect fragmentation of
ions on the time scale of the mass spectrometer [1, 58]. The application of SID for
macromolecule analysis was initiated simultaneously in the groups of Cooks [59], Wilkins
[28-30] and McLafferty [31] for biological compounds in the range of 1-3 ku. Later
McLafferty’s group applied SID to peptides up to 29 ku in a FTMS [32]. The most extensive
SID studies of macromolecules have been performed by Wysocki and coworkers, who
used SID to investigate the influence of the composition of peptide ions on the ease of
fragmentation [60-63]. The use of energy-resolved SID enabled them to demonstrate the
dependence of the ease of fragmentation of protonated peptides on the gas-phase basicity
of the amino acid residues present [62].

In Chapter 4 of this thesis energy-resolved SID is used to study a new class of
macromolecules: dendrimers. The influence of the size and charge state of protonated
polypropylenamine (POPAM) dendrimer ions on their fragmentation efficiency is
investigated.

1.4 Other activation methods for ions of high molecular weight

1.4.1 Activation by a single high-energy gas phase collision

High-energy (3-20 keV) collision-induced dissociation (CID) is generally performed
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with sector mass spectrometers. Application in a hybrid sector-TOF set-up is also reported
[64]. A single keV collision can result in a transfer of kinetic to internal energy up to 10 eV
[65], but the probability of truly high energy transfer (> 10 eV) remains low [66]. The total
energy transferred to an ion can be increased by an increase of the gas pressure, which
allows multiple collisions to occur, but this also results in ion loss through scattering. When
low gas pressure is used to avoid multiple collisions, the fragment ion yield is ~10% of the
parent ion current [67]. For application of high-energy CID to high molecular weight
compounds, sector mass spectrometers are mostly used in conjunction with FAB for
ionization.

1.4.2 Activation by multiple low-energy gas-phase collisions

Currently the most widely used instrumentation for MS/MS analysis of (bio)
macromolecules is a triple quadrupole mass spectrometer operating with an ESI source,
optionally coupled with liquid chromatography as a first separation method for a complex
mixture. For example, proteins can be identified with the following sequence of methods:
tryptic digestion, chromatographic separation of the resulting peptides and their detection
by ESI/MS. This procedure is referred to as peptide mapping. For further characterization
the peptides can be sequenced by means of low-energy CID in a triple quadrupole [68].

Other multiple collision CID methods that are used to obtain information about the
structure of macromolecules are dissociation by acceleration of ions in the nozzle-skimmer
interface of an ESI source and in-source decay (ISD) or post-source decay (PSD) of ions
formed by MALDI. These methods are routinely used and available on commercially
obtained instruments. They are referred to as pseudo-MS/MS since selection of the parent
ion does not take place.

High-resolution low-energy CID fragment spectra can by obtained using a FTMS,
either with on- or off-resonance excitation. McLafferty and coworkers have demonstrated
low-energy CID of various high molecular weight compounds (29-67 kDa) [69, 70]. An
additional advantage of trapped ion mass spectrometers for MS/MS of macromolecules is
that they allow relatively long (10-3-1 s) observation times. Hence dissociation can occur at
a lower rate, and therefore less internal energy is needed for a given fragmentation
channel to be observed [1].

In Chapter 5 of this thesis, the fragment spectra obtained by multiple collision low-
energy CID are compared to those obtained by SID, in which the internal energy needed
to fragment (quasi)molecular ions of macromolecules can be deposited in a single collision
event. For this comparison, low-energy CID spectra of protonated POPAM dendrimers
have been obtained in a FTMS and in a ITMS. The activation energies for fragmentation in
the different time scales of observation are calculated by Rice-Rampsberger-Kassel-
Markus (RRKM) methods.
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1.4.3 Other methods

Another method by which (quasi)molecular ions of macromolecules can be
dissociated is irradiation with photons obtained from a laser, ultraviolet [71] or infrared
photons (infrared multiphoton dissociation (IRMPD) [72], or with photons obtained by
heating of the ICR cell in a FTMS (black-body infrared dissociation (BIRD)) [73]).

Irradiation by electrons leading to capture and subsequent dissociation of the ion
(electron capture dissociation (ECD)) can be used to dissociate multiply protonated
peptides [74]. The current state of these methods is predominantly for research purposes.


