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ABSTRACT

The surface-induced dissociation (SID) method is introduced into a Bruker
matrix-assisted laser desorption/ionization time-of-flight mass spectrometer (MALDI
TOF MS) as an efficient ion fragmentation method. Ion trajectory calculations using the
SIMION 7.0 ion optics program are performed and results are combined with simple
unimolecular decay calculations in order to study the kinetics of the SID processes. In
this instrument, the observation time frame for SID fragments lies in the submicrosecond
region, allowing the specific detection of submicrosecond fragmentation channels.
MALDI-produced protonated peptides in the mass range of 700 – 1500 Da and radical
ions produced by laser irradiation of fullerenes C60 and C70 are fragmented at a gold
surface coated with a self-assembled monolayer of alkanethiol to obtain TOF SID TOF
mass spectra.

For the SID of peptides in the hyperthermal energy regime, a

fragmentation time frame of tens to a few hundreds of nanoseconds was calculated for the
observed fast fragmentation channels (Chapters 3 and 4). Theoretical and experimental
peak shape comparisons assuming unimolecular decay kinetics indicated a log rate
constant in the range 6 - 7 (Chapter 4). Energy and mass resolved kinetic studies are also
carried out. The contribution of special structural features to peptide fragmentation and
the possibility of different fragmentation mechanisms such as sequential and parallel
pathways are investigated. The results indicate a unimolecular decay process for observed
fast peptide fragments ruling out a surface-shattering mechanism. Fullerene ions,
especially C60+., showed a fragmentation behavior producing C2n+. fragments with an

22

even number of C units at collision energies in the range of 100 - 400 eV (Chapter 5). At
around 400 eV, additional small fragments appeared that are apart by only a single C
unit. According to the calculated fragmentation times and the theoretical and
experimental peak shape comparisons assuming unimolecular decay kinetics, both these
processes may be approximated by parallel fast unimolecular decay processes with
fragmentation time frames of tens to hundreds of nanoseconds although the poor
theoretical and experimental peak shape matching for example in the decay of C60+. to
C19+. may suggest deviations from a one-step unimolecular decay process.
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CHAPTER 1

BACKGROUND AND SIGNIFICANCE

1.1

Overview
Mass spectrometry is widely used as a powerful analytical and characterization

tool. The basic components of a mass spectrometric analysis are the ionization process,
mass analysis, ion fragmentation (in tandem mass spectrometry) and detection.
Employment and study of ion fragmentation in a mass spectrometer has a high
fundamental and or analytical significance. In this project, the surface-induced
dissociation (SID) fragmentation method is introduced into a Bruker MALDI TOF mass
spectrometer and ion trajectory calculations are performed in order to study the kinetics
of the SID process. The TOF mass analyzer’s features such as theoretically unlimited
mass range, high throughput and fast detection were coupled with the fast and efficient
energy transfer process of SID to expand the instrumentation capabilities to obtain
fragment ion information. The types and the number of fragment ions observed depend
on the internal energy deposition process during ion-surface collision event in SID and
also on the observation time frame of the instrument. The observation time frame of the
constructed MALDI TOF SID TOF MS lies in the submicrosecond region allowing the
specific detection of the fragmentation products from fast fragmentation channels that fall
in the range of 0 to few hundred nanoseconds. These fast gas phase dissociation
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processes of peptide ions and fullerenes were studied by comparison of experimental
results with ion trajectory simulations performed with SIMION 7.0 software and
theoretical calculations carried out to simulate experimental peak shapes. These
calculations are used to assess the likelihood of a shattering mechanism for the fast decay
processes as opposed to a unimolecular decay mechanism. The consistency of the results
is further probed with methods such as energy resolved fragmentation studies. In addition
to this, the mechanisms of the decay processes such as the sequential vs parallel ways of
fragment formation are investigated.

1.2

Generation of gas phase ions
The process of mass spectrometric analysis consists of the formation of gas phase

ions of the analyte of interest, dispersion/ analysis of the ions according to their
properties that depend on the mass and charge followed by the detection of the ion
signals. The ion signals are processed to provide a mass spectrum where the mass to
charge ratio is plotted verses the intensity of the ion beam. Thus, an ionization method
that is able to create gas phase ions of the particular analyte is the crucial first step of the
process. The ionization method has to be devised and adapted depending on the nature of
the sample and the gaseous ions to be produced. The sample could be condensed or
gaseous and the ions of interest could be single atomic ions, small molecular ions or
charged intact proteins in the kilo Dalton range.
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1.2.1

From elemental analysis to volatile compounds
The earliest ionization methods were developed for the formation of atomic ions

for the studies of nuclide masses, isotopic abundances and trace impurities etc. These
include techniques such as thermal ionization1 and spark source.2 Ionization of molecules
to produce molecular ions is difficult with these ionization methods because of the
thermally labile nature of the molecules. In addition to the above methods, plasma
methods such as Glow Discharge and Inductively Coupled Plasma that were suitable for
the elemental analysis were developed.3 Glow Discharge, that employ a plasma retained
at a pressure of about 1 Torr, was even shown to be applicable in ionizing organic
compounds.4 Development of Electron Ionization (EI) sources5, 6 has produced a more
convenient traditional method for the ionization of volatile molecular analytes. In EI, ions
were produced by impacting a beam of electrons on to gas phase analyte molecules where
energetic electrons (with about 70 eV) can release electrons from the molecular orbitals
to form odd-electron molecular ions. However, this method is not efficient or impossible
for analytes that thermally disintegrate upon vaporization or analytes with low vapor
pressure although chemical derivatization steps that decrease the polarity and increase the
volatility of the analyte may be employed to analyze certain analytes with EI with less
difficulty.7 In addition, EI is generally considered as a “hard” ionization method because
the analyte may absorb excess energy from the electrons to undergo unimolecular decay
into several fragments and thus is not suitable for the production of intact molecular ions
from an analyte. Later, Munson and Field introduced Chemical Ionization (CI) which is a
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“softer” ionization method than EI, where a reagent gas is used to ionize the gas phase
analyte.8 For example, transfer of a proton from reagent ion CH5+ to the analyte molecule
A in the gas phase to form AH+ ion as a result of a collision in the thermal energy region
could result in a molecular ion with less internal energy than in EI, although the
exothermic nature of the reaction may induce fragmentation. However, CI is also limited
by the volatility of the analyte and not applicable for large, thermally labile molecules.

1.2.2 Introducing large biomolecules intact into the gas phase
The ionization methods EI and CI both require that the analyte should be present
in the gas phase with a partial pressure of 10-5 – 10-4 torr, prior to ionization.9 For this
reason, the power of mass spectrometric analysis was limited in the bio-related
applications until the invention of ionization methods to form gas phase molecular ions
from large, non-volatile and thermally labile biomolecules. The potential of the mass
spectrometric method for such molecules was revealed by the use of desorption
techniques. For example, field desorption where the analyte was deposited on an emitter
wire and extracted by a high electric field was used to analyze high molecular weight
samples that are not strongly polar.10 After this, other desorption methods such as Plasma
Desorption (PD)11, 12 and Liquid Secondary Ion Mass Spectrometry (LSIMS)13-15 that use
a high energy beam of primary particles to desorb and ionize the analyte in the condensed
phase became increasingly popular for the analysis of polar and large molecular weight
compounds including peptides and proteins. In these beam desorption methods, the
primary energy of the impacting particle beam is mainly absorbed by the solid lattice (eg:
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PD) or the liquid (eg: LSIMS) that support the sample and the indirect transfer of energy
causes the production of the intact molecular ions from the analyte.9
After PD and LSIMS, the discovery of two other soft ionization methods, namely,
Matrix Assisted Laser Desorption/Ionization (MALDI)16 and Electrospray Ionization
(ESI)17, 18 contributed to revolutionarily extend the scope of mass spectrometric analysis
specially in the area of analyzing large biological compounds. MALDI is a laser beam
desorption method assisted by an added matrix compound while ESI is a soft ionization
method that generates ions by electrospraying the analyte solution under atmospheric
conditions.

1.2.3

Electrospray Ionization (ESI)
Fenn and coworkers demonstrated the utility of ESI for the formation of gas phase

ions of large biomolecules.18 During ESI, the analyte in a solution is flowed through a
capillary to form a “spray” in an electrostatic field where several mechanisms instigate
the formation of droplets with intact molecular ions and subsequent desolvation of the
solvent to isolate the ions.19 Formation of multiply charged analytes is one of the
advantages of ESI because this can bring the analysis of very large biomolecules (eg:
>100 kDa) into the analytical scope of common, low-cost mass analyzers such as
quadrupoles. Nevertheless, the same phenomenon could be a disadvantage over MALDI
in this project for reasons that will be discussed in the following section.
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1.2.4

Matrix-assisted Laser Desorption/Ionization (MALDI)
In 1987, Tanaka et. al. reported a UV laser desorption and ionization method that

is capable of producing molecular ions from proteins up to 34 k Da, which was published
in 1988.20 The sample contained an ultra fine metal powder in a glycerol solvent mixed
with the analyte. The properties of the fine metal powder such as high absorption
towards UV laser radiation, low heat capacity and large surface-to-volume ratio were
thought to have caused a rapid heating of the sample assisting in intact desorption of the
analyte. Therefore, the metal powder can be considered as a matrix assisting to control
and modify the energy transfer to the analyte. Karas and Hillenkamp used chemical
compounds with high UV absorptivity such as nicotinic acid as the matrix in order to
obtain similar effects.21-23 The ionization method they developed was termed matrixassisted laser desorption/ionization (MALDI).16 In MALDI, a laser pulse is impacted on
the analyte mixed with a matrix compound with subsequent desorption and ionization of
the analyte. The matrix absorbs most of the primary laser radiation and prevents the
analyte from disintegration due to laser energy and assist in the desorption and the
ionization of the analyte. In one of the traditional MALDI sample preparation methods,
referred to as the dried droplet method, the matrix and analyte are dissolved in the same
solvent and deposited as a droplet on a target where evaporation of the solvent and cocrystallization of the analyte and matrix take place. The local heating of the sample
substrate due to the laser fluence is thought to generate a gas phase plume that undergoes
a supersonic jet expansion in the low pressure region of the mass analyzer. However, the
mechanism of MALDI process is not clearly understood to date. According to one model,
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the ionization processes in MALDI occurs in two stages: primary and secondary.24-27
Primary ion formation is explained mainly as the photochemical reactions occurring due
to the laser irradiation and the ions formed in this step may assist in the final analyte ion
formation. Gas phase collisions taking place in this MALDI plume initiate the secondary
ion formation steps and contribute to the ionization of the analyte, for example the gas
phase proton transfer to a neutral analyte from a protonated matrix.24-27 Properties such as
the differences in gas phase basicities between the analyte and the matrix play an
important role since these reactions are considered as gas phase equilibrium processes
occurring in the dense MALDI plume. In accordance with this model, the properties of
relevance of the matrix include the ability to dissolve in the same solvent as the analyte,
co-crystallization properties with the analyte, high molar absorptivity in the region of the
applied laser radiation to protect the analyte from the laser energy and the ability to assist
in the analyte ionization. In the case of generating protonated peptide ions, the matrix
should have lower gas phase basicity than the peptide analyte. The matrix alpha-cyano-4hydroxy-cinnamic acid used for the peptide studies in this project has a gas phase basicity
of about 215 kcal/mol while the most basic amino acids arginine and lysine occurring in
the analyzed peptides has a gas phase basicity of about 237 kcal/mol and 222 kcal/mol
respectively.24 Therefore, a gas phase proton transfer from the matrix to the peptide
containing arginine and or lysine would be more favorable.
In a different model suggested for MALDI mechanism, Karas et. al. described the
MALDI mechanism as a process based on the formation of small charged clusters
containing neutral matrix embedded with analyte and other ions that disintegrate to yield
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the observed analyte ions.28, 29 The solution phase trends are thought to be conserved in
the solid sample and in the subsequent clusters formed by laser irradiation. Therefore, the
analytes present in the cluster may exist as pre-formed ions (eg: protonated peptides) with
surrounding counter ions solvated by the matrix. The formation of clusters that are
charged may have high probability with decreasing cluster size, following a statistical
manner.28, 29 According to this cluster ionization mechanism, in a singly charged cluster,
a singly protonated peptide may be present solvated by n surrounding protons, n-1
counter anions and other neutral matrix. The cluster shrinks rapidly by evaporating the
neutral matrix and anions by proton transfer neutralization producing a singly protonated
peptide. Therefore, the contribution of the analyte in terms of ionization is not very
important in this model. For example, the transfer of a proton to the analyte from the
matrix to produce a protonated analyte is not necessary since the analyte already exists in
a protonated form in the clusters as defined by the previous solution phase conditions
such as pH. Another implication of the cluster ionization mechanism is that if the cluster
formation is optimal, the observed analyte ions are initially completely embedded in the
expanding clusters yielding them higher initial velocities. The extent of the development
of the cluster jet is thus indicated by the initial velocities of the analyte ions. In addition,
the softness of the MALDI method essentially arises from the “evaporational cooling
within the decaying clusters” as quoted from reference 28.28 It should also be mentioned
that in both mechanisms discussed above for MADLI, the role of the matrix in
controlling the energy transfer to the analyte species is equally important.
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Atmospheric MALDI (AP MALDI) is another MALDI method where desorption
and ionization processes are carried out under ambient conditions.30-32 Ion transfer from
the atmospheric pressure region to the mass spectrometer in AP MALDI techniques may
be assisted by pneumatic guidance of the ions using a gas flow.31
As far as this project is concerned, MALDI has the advantages of very low
detection limits that could be as lower as sub-femtomoles,33 and the nature of primarily
producing singly charged ions.29 Low detection limits result in an increased abundance in
the precursor ion signals that may subsequently improve the signal-to-noise ratio (SN
ratio) of the fragment ion signals. Singly charged ions make the interpretation of SID
spectra straightforward relative to other methods such as ESI, when initially unknown
fragment ion signals from a precursor ion are to be identified and calibrated.

1.2.5 Desorption Ionization on Silicon (DIOS)
Siuzdak and coworkers invented the DIOS ionization method where the sample
solution is subjected to UV laser desorption (with a N2 laser at 337 nm) after depositing
on an electrochemically/chemically etched porous silicon surface.34, 35 This technique is
free from MALDI-like matrices and hence no matrix ion background signals are observed
in the low mass region of the mass spectrum. Similar to MALDI, the mechanism of ion
formation in DIOS is not clearly understood. However, the silicon surface is thought to
be functioning as an energy receptacle for the laser radiation because of its high
absorptivity for ultraviolet light.35 DIOS is specially useful when molecular ion signals
that fall in the matrix background region of MALDI TOF spectrum are to be mass
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selected for subsequent SID utilizing the low mass cut-off ion gates as discussed in the
future directions (Chapter 6).

1. 3

Inside a Mass Spectrometer: Analyzing mass
The mass analyzer analyzes the mass-to-charge-ratio of the ions generated by the

above mentioned ionization methods using an ion dispersion method characteristic to the
analyzer. Table 1.1 lists several types of mass analyzers and their main principles of ion
dispersion.

1.3.1 Time-of-Flight (TOF) mass analyzer
TOF analyzer separates different ions by measuring the time-of-flights of the ions
in an ion packet traveling towards the detector in a field-free drift region. The ions in the
initial ion packet should ideally start simultaneously at the same initial location and the
extraction electrical fields should impart the same kinetic energy to all the ions regardless
of their mass before they enter the field-free region. When two ions of two different
masses have the same kinetic energy, their drift velocities during the flight in the fieldfree drift region tube of the TOF instrument change proportional to the mass so that the
heavier ion travels slower than the lighter ion. Thus it is possible to separate and identify
the two ions by measuring their arrival time at the detector.36
Production of pulsed ion packets that signal the starting time for the TOF
measurement is achieved by either using a pulsed laser as used in methods such as
MALDI or employing electrical pulses to extract ion packets with continuous flow
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ionization methods such as ESI. The former method is direct and requires less
modification to the instrumental setup. Therefore, MALDI can be directly coupled to
TOF analyzer and is one of the main reasons for the popularity of MALDI TOF
instruments.37
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Mass Analyzer/ Mass
Filter
Magnetic Sectors (B)
Electrostatic Sectors (E)

Property used for
Dispersion of ions
Momentum
(mass x velocity)
Kinetic Energy

Time-of-Flight (TOF)

Drift Velocity

Linear Quadrupoles (Q)

Path Stability

Qudrupole Ion Trap (QIT)

Path
Stability
common)
or
Frequency

Ion Cyclotron Resonance
(ICR)

Orbital Frequency

Comments

Disperses
momentumseparated ions in space
Disperses kinetic energyseparated ions in space
Analyzes different ions with
different time-of-flights that
travel a constant length drift
region
Filters a specific m/z value
that has a stable path
towards the detector under
the applied electrostatic
fields
(most Ejects a specific m/z value
Orbital by applying a voltage to
induce instability of path or
detects an image current
after excitation of a specific
m/z with a waveform
Detects an image current
after excitation of a specific
m/z with a waveform

TABLE 1.1. Mass analyzers and their principles of ion dispersion.
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The ability of TOF MS to determine ionic properties using the arrival times of
ions that could be as short as nanoseconds at the detector is utilized in the kinetic
calculations performed for fast fragmentation processes in this project. Other advantages
of the TOF analyzer over other mass analyzers include theoretically unlimited mass
range, high throughput and high sensitivity due to the non-scanning nature.37 A main area
of improvement for TOF MS is the high dependency of the resolution on the kinetic
energy and spatial spread of the ions unlike other methods such as quadrupolar mass
analyzers, magnetic/electrostatic sectors and ICR.

1.3.2 Resolution in TOF MS
The major source affecting the resolution in TOF MS is the spatial and kinetic
energy spread of the ions produced at the ion source.36 For example, when MALDI is
used as the ion source, spatial spread may be caused by different positions of ion
formation in the MALDI generated plume while the kinetic energy spread may be caused
by the laser energy, nature of the desorption process, duration of the laser pulse and the
ion extraction optics. These initial spreads produce a spread of arrival times at the
detector for the ions of the same mass-to-charge ratio (m/z ratio) causing low resolution
of the ion signals.
Wiley and McLaren suggested a design to address the initial spatial and kinetic
energy spreads of the ions to improve the resolution in TOF MS.38 A dual stage
extraction field was used to achieve spatial focusing of the ions while a time-lag
focusing/delayed extraction/pulsed ion extraction scheme was used to reduce the initial
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kinetic energy spread of the ions. However, the commonly used delayed extraction
method is mass-dependant with optimal focusing limited to a specific mass-to-charge
window.39 Optimal resolution for different masses may be achieved by changing the
shape of the delayed extraction pulse with time to obtain mass correlated acceleration
(MCA).40 Reflectron is another breakthrough improvement of TOF MS that can perform
mass independent kinetic energy focusing of the ions.36 Reflectron is able to focus ions
with an initial kinetic energy spread that are produced at the same plane and accelerated
at the same time and thus not directly useful with continuous ionization methods.
Orthogonal-acceleration of the ions into the TOF region has made it convenient to couple
continuous ion sources with TOF MS while providing a method to improve the resolution
of the technique further.41 Initial collisional cooling of the ions by means of an inert gas
followed by orthogonal acceleration of the ions into the TOF region42 can produce higher
resolution and mass accuracy in TOF MS as currently employed in commercial Q TOF
instruments.

1.4

Ion activation for structural information
Soft ionization methods discussed above allow the formation of intact molecular

ions from thermally labile large biomolecules and detection of the molecular mass in a
single mass analysis stage (denoted MS1). Applications demanding further structural
information such as peptide sequencing and protein identification require the
development of methods to fragment the molecular ion into fragment ions that can be
detected in another mass analysis stage (MS2). The methods involving more than one
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MS stage are called tandem MS methods (denoted MS/MS… or MSn). In traditional
tandem MS involving only two MS stages (MS/MS or MS2), selection of one molecular
ion from a mixture is performed in the first MS stage. This molecular ion is called the
precursor or the parent ion that undergoes ion activation to produce fragment ions
followed by detection of the fragment m/z values in the second MS stage.
During the ion activation process, internal energy is deposited in the precursor ion
so that it can undergo dissociation. Table 1.2 lists several general ion activation methods
used for biomolecules such as peptides. Ion activation methods that are employed in TOF
analyzers include low and high energy collision-induced dissociation (CID), post-source
decay (PSD) and SID. These methods are briefly discussed in the following sections.
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General Approach

Activation Methods

Instruments/Instrumental
Setups
Photon Impact
Infra Red Multi Photon ICR
Dissociation (IRMPD)
Electron Capture
Electron
Capture ICR
Dissociation (ECD)
Colliding with an inert gas
Low-energy
Collision- Triple Quadrupoles (QqQ),
:low
energy
multiple induced Dissociation (CID) Qudrupole Ion Trap (QIT),
Q TOF
collisions
Sustained off Resonance ICR
Irradiation CID (SORI CID)
Colliding with an inert gas
High-energy CID
Sector TOF,
:precursor ions with k eV
TOF TOF
energies
Metastable decay of ions
Post-source Decay (PSD)
MALDI
TOF
with
reflectron
Colliding with a surface
Surface-induced
ICR,
Dissociation (SID)
TOF S TOF,
E B TOF S TOF,
QSQ
TABLE 1.2. Activation methods used in Mass Spectrometry. S indicates surface.
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1.4.1

Collision-induced Dissociation (CID)
In CID, ion activation is achieved by collisions of the precursor ion with gas

particles. The colliding analyte particle and the gas particle have movements with respect
to each other in the gas phase and the collision energy during the impact may be
explained using a center-of-mass framework reference.43,
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Low energy CID process

commonly involves collision energies of less than 100 eV and can be employed in
instruments such as triple quadrupoles (QqQ), 45 trapping instruments,46, 47 Q TOF48 etc.
In high energy CID, the analyte molecules have kinetic energies in the range of k eV
prior to the collisions with an inert gas and can be employed in sector49 and TOF50, 51
instruments. High energy CID is shown to produce more fragment ion information
content than low energy CID indicating a more efficient internal energy deposition
process.50

1.4.2

Post-source Decay (PSD)
PSD method, employed in MALDI TOF MS, relies on the metastable decay (post-

source decay) of the precursor ions in the field free region of the TOF tube due to the
excess energy gained during the MALDI process.52, 53 PSD ions have the same velocity as
the precursor ion in the field free region and thus can not be distinguished in linear TOF
experiments. A reflectron can be used as a kinetic energy analyzer to analyze PSD ions
and obtain PSD spectra. Reflectrons employing linear fields may have to be scanned in
order to focus the PSD ions in different mass ranges to obtain a complete PSD spectrum53
while curved field reflectrons can focus PSD ions in a larger mass range.54 PSD is a
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successful analytical method in applications such as peptide sequencing and protein
identification.55,

56

In a fundamental point of view, unlike more easily quantified and

monitored collision energies in CID or SID, the initial energies that lead to internal
energy deposition and dissociation of the ions in PSD are highly dependant on various
different parameters such as the MALDI laser wavelength, laser frequency, laser fluence,
laser duration, matrix compound, analyte, matrix-to-analyte ratio, sample preparation
method and extraction ion optics.

1.4.3

Surface-induced Dissociation
If a precursor ion moving with a certain kinetic energy collides on to a surface,

part of its kinetic energy can be deposited as internal energy causing bond dissociation in
the ion. This process is termed surface-induced dissociation (SID). SID process occurring
inside a mass spectrometer is first described by Cooks and coworkers in order to explain
the appearance of an “anomalous” peak with a higher apparent kinetic energy in the mass
spectrum of methanol in a sector instrument.57 This work was followed by a
demonstration of the application of SID to induce ion fragmentation.58
One major reason for SID to be a good candidate for ion activation is its nature of
high and efficient conversion of ion kinetic energy to internal energy.59, 60 This can lead
to extensive fragment ion information and capabilities to fragment large singly charged
biomolecules that may be difficult to fragment with other methods such as low energy
CID. Laskin et al have shown that SID, when employed in a FT ICR mass spectrometer,
can yield more fragmentation information for peptides than low energy CID in the same
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instrument.61 High and efficient internal energy deposition coupled with the convenience
of employing an SID surface with no gas loads make SID a good alternative for CID.
However, as with any activation method, the observation time frame of the instrument
plays a key role in determining the type and number of fragment ions observed.
In addition to the above mentioned features, in view of the fragmentation kinetic
studies performed in this project, SID employed in a TOF analyzer provides a convenient
way to define and measure the “zero time” as the time when the precursor ion impacts
with the surface and allows the calculation of fragmentation times with respect to this
time. This “zero time” is difficult to be measured with CID and PSD. Also, compared to
PSD, SID has a collision energy that can be easily measured and monitored and that may
be used to evaluate the amount of internal energy deposited.

1.5

Kinetic studies of the SID process
In this project, SID ion activation is incorporated into a Bruker MALDI TOF MS

to obtain SID spectra of different molecules and perform kinetic studies for the fragments
observed. Development of a method to estimate the time frame of dissociation based on
ion trajectory simulations and experimental arrival times of the ion signals in the TOF
SID spectra is a major goal of the project. This is further extended in the calculations of
simulated peak shapes for the fragment ion signals to investigate the fragmentation
kinetics. These studies are used to evaluate the possibility of various mechanisms
suggested for SID such as unimolecular decay and shattering. These studies will allow
the correlation between the fragment types observed and parameters such as the
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observation time frame of the instrument and the initial energies of the ions. This will
help in the selection of a suitable mass spectrometric tool for the desired analysis and in
the interpretation of tandem mass spectra. In addition, studies of chemical pathways of
fragmentation may benefit from these studies.

1.5.1 Unimolecular decay theory
Unimolecular decay is a theory that is used to explain the SID process. The
surface impact event may or may not change the internal energy content of a precursor
ion. If no energy change occurs, the ion elastically scatters from the surface. Surface
impact may also induce partial conversion of ion kinetic energy to internal energy. This
results in the inelastic scattering of the ion from the surface. Depending on the amount
and the nature of the internal energy deposition, the scattered ion may then undergo
unimolecular decay into fragments.58,

62, 63

The following equations summarize this

process. Equation (1.1) indicates the internal energy deposition to the AB+ ion to create
the metastable AB+* ion. Equation (1.2) shows the unimolecular decay reaction of the
AB+* reactant to produce fragment ion A+ and the neutral particle B.58

AB+ + surface

= AB+*

(1.1)

AB+*

= A+ + B

(1.2)

Unimolecular decay process may be explained using the Rice-RamspergerKassel-Marcus (RRKM) theory, a statistical theory that explains the ion activation and
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decay processes in mass spectrometry.64, 65 For an ion undergoing unimolecular decay,
RRKM theory assumes rapid intramolecular vibrational energy redistribution (IVR)
among the ion’s vibrational degrees of freedom prior to bond dissociation. This IVR
creates a statistical density of states between the transition state and the reactant of the
unimolecular decay reaction. Assuming simple harmonic conditions and no
vibrational/rotational coupling, for a fixed energy E and angular momentum J, the RRKM
rate constant k for a unimolecular decay process can be given by equation (1.3).

k = N / hρ

(1.3)

In equation (1.3), N is the sum of the states of the transition state and ρ is the
density of states of the unimolecular reactant while h is the plank’s constant.
Investigation of the applicability of and corrections to the RRKM theory for
peptide dissociation processes is beyond the scope of this project. The combined
empirical and trajectory simulation approach used to measure the average time frame of
the fast fragmentation processes in the constructed TOF SID setup is used for the
evaluation of the reaction rates proposed by RRKM studies and other non-RRKM
mechanistic studies such as shattering. In addition to that, theoretical simulations of peak
shapes for the observed fragment ion signals assuming unimolecular decay kinetics for
the parent ion at different rate constants are performed and compared with the observed
fragment ion signal peak shape to investigate the likelihood of the process being a strict
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unimolecular decay process in agreement with equation 1.4 below for the decay of the
parent ion and equation 1.5 for the growth of the fragment ion population.
Pf = e-kt

(1.4)

Ff = 1- e-kt

(1.5)

In equation 1.4, Pf denotes the fraction of the parent ion population remaining
after the time t with a decay process having a unimolecular rate constant k. Ff of equation
1.5 represents the fraction of fragment ions formed at time t with a decay process of rate
constant k. This approach is explained in detail in Chapter 4, section 4.2.1.

1.5.2

Shattering mechanism
Levine and coworkers studied surface impact of clusters and suggested a

shattering transition at high enough collision energies where the clusters dissociate just as
they recoil from the surface.66, 67 Shattering does not involve rapid IVR and the transition
state may be created in a single or few vibrational energy transfer events following the
activation process leading to instantaneous dissociation of the surface-impacting
species68. Therefore shattering is a non-RRKM model. Simulation studies performed by
William Hase and coworkers indicated the possible importance of a shattering
mechanism for protonated amino acids and peptides, at least for the small molecules and
large heperthermal collision energies (for example, 70 eV) studied.69
Laskin et al. have also studied the fragmentation kinetics of peptides upon
collision with a surface using an FTICR SID instrument.70-72 Using time-resolved SID
spectra and RRKM modeling of their experimental data, they were able to distinguish
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between two different decay rates for observed fragments which they referred to as
“slow” and “fast”.

They described the fast fragmentation process as the molecule

fragmenting after reaching a certain internal energy threshold (approximately 10 eV) on
or very near the surface.72 They referred to this decay process as a “sudden death” or
“shattering” process, although the time frame for the suggested “shattering” process for
the peptides at hyperthermal collision energies cannot be directly derived from their
work. This is partly because their instrumental setup is not designed to monitor
fragmentation times shorter than a few milliseconds in order to distinguish a shattering
mechanism as defined by the previously described work. In the studies presented in this
thesis, the observation time frame of 0 to hundreds of nanoseconds in the TOF SID setup
provides a means to distinguish between an instantaneous surface shattering mechanism
as discussed earlier66-69 and a sub-microsecond unimolecular decay process although
further explanation of this fast unimolecular processes may require approaches other than
a simple harmonic RRKM model. In addition to this, chemical processes may be playing
a role in the fragmentation of the surface-induced ions. One such explanation of the
involvement of the chemical pathways is illustrated by the “mobile proton model” for the
fragmentation of protonated peptides as discussed in the following section.

1.5.3 Mobile proton model for the gas phase peptide fragmentation
The mobile proton model considers the involvement of protons in the chemical
pathways of fragmentation of protonated peptides.73-75 In a gas-phase population of
protonated peptide ions produced by an ionization method such as ESI and MALDI,
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different structures with their own population contributions may exist depending on the
composition and the internal energy of the ions. The basic sites in a peptide chain such as
arginine side chains, lysine side chains and N-terminus amine groups can “sequester” the
added proton in a structure having a dominant contribution to the population. With input
of energy by surface impact, this proton can be mobilized over the peptide chain to
induce charge- directed fragmentation. The amount of energy that needs to be provided to
cause a certain percentage of fragmentation is dependent on the relative gas phase
basicity of the basic sites of the peptides. Highly basic residues (eg: arginine) can
sequester the proton more tightly leading to an increase in the internal energy
requirements to induce a certain amount of fragmentation. For example, Wysocki and
coworkers have shown that the fragmentation efficiency for a series of singly protonated
model peptides in an ESI SID experiment increases in the order of: AAAAA< PAAAA <
KAAAA < RAAAA that can be correlated to the increasing order of the gas-phase
basicities of the changed residues: A < P < K < R.74 A correction for the different
degrees of freedom was employed in these studies since the increasing degrees of
freedom can cause a positive shift in the collision energy requirements to induce the same
amount of fragmentation as predicted by the RRKM method previously discussed.
Mobile proton model is also used to investigate and explain the selective or enhanced
cleavage patterns observed with certain peptides. An example of a selective cleavage is
the cleavage C-terminal to aspartic acid and glutamic acids in peptides that contain equal
numbers of added protons and arginines or a fixed charge derivative with no extra
protons. This is explained as a charge-remote fragmentation that does not involve the
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added proton/charge while a second added proton may induce a non-selective, chargedirected fragmentation alone the peptide backbone structure.75, 76 In an application point
of view, the relative intensity patterns predicted by these studies can be used to construct
fragmentation rules that could be incorporated into peptide sequencing and protein
identifying algorithms to improve their performance. The reader is referred to the work
by Wysocki and coworkers for further details on the experiments performed in order to
build and test the mobile proton model for peptides and the development of statistical
tools for protein identification based on their observations.73-77 In this project,
implications of the mobile proton model is used to investigate the fragmentation patterns
and kinetics observed for singly protonated peptide ions generated by MALDI.

1.5.4 Simulation approach to investigate the SID fragmentation kinetics
The simulation approach developed in this project involves the calculation of
simulated detection times of the fragment ions at a range of possible fragmentation times
and subsequent comparison of the experimental detection times with the calculated
detection and fragmentation times.78 All these times are relative to the surface-impact
time of the precursor ion. The simulated detection times are plotted against the
hypothetical fragmentation times in plots termed detection-time fragmentation-time
(DTFT) plots. The experimental detection times were compared to the simulated
fragmentation times and interpolated to find the fragmentation time. A range of
fragmentation times were obtained by comparing the experimental arrival times of the
fragments. For example, for the fast dissociation channels observed for the peptides, the
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time frame obtained lies in the region of 200 – 300 ns. The DTFT plot method is
described in detail in Chapter 3. In addition to that, the assumptions in the unimolecular
decay theory are used to calculate theoretical peak shapes that are compared with the
empirical peak shapes in order to study the nature of the decay process as described in
section 4.2.1, Chpater 4. The results of these studies are in agreement with the average
time frames calculated. For example, for the observed fast peptide fragmentation, a rate
constant in the range of 106 - 107 s-1 can be predicted if strict unimolecular decay kinetics
are assumed neglecting the possible involvement of competing and different pathways in
the dissociation process .
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CHAPTER 2

EXPERIMENTAL

2.1

Introduction
Instrumental modifications applied to a Bruker MALDI TOF MS to achieve the

fragmentation of packets of precursor ions by means of surface-induced dissociation
(SID) and modifications in order to measure the arrival times for kinetic investigations
are a major part of this research. The general details of these instrumental modifications
are discussed in this chapter while more specific aspects, if any, are discussed in the
relevant chapters. In addition to this, the general procedures such as MALDI sample
preparation and the preparation of the SID surfaces are discussed.

2.2

Instrumentation

2.2.1

MALDI TOF SID TOF setup
A benchtop MALDI TOF MS (Proflex, Bruker Daltonics) was converted to SID

operation by removing the drift tube found immediately after the reflectron (used in
linear mode of operation) and introducing a flange-mounted surface assembly instead. No
machining of the drift chamber or modification of any of the remaining hardware was
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required. Figure 2.1 is a block diagram of the main components and triggering schemes
of the modified MALDI TOF instrumental setup.
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Sample
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Plate
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FIGURE 2.1. Block diagram of the power supplies and triggering hardware. The
pulse/delay generator is used to trigger the N2 laser, the extraction delay generator board
that enables the Pulsed Ion Extraction switch (PIE), the matrix blanking ion gate and the
surface pulse. The MCP detector (-1750 V) records the ion counts that are digitized at 1
GHz.
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A 337 nm N2 laser is used to produce a laser pulse for the MALDI ionization. The
original MALDI source of the instrument was a two-stage extraction source equipped
with delayed extraction. The two-stage extraction consists of an extraction plate placed 3
mm away from the sample plate followed by an electrically grounded second extraction
plate located 11 mm away from the first extraction plate. Delayed extraction voltage
pulse is applied to the first extraction plate. An einsel lens that helps to focus the ion
beam is located 8 mm after the extraction region. The analyte ions can be selected for
SID by blanking the matrix or background ion signals of MALDI using the ion gate. The
reflectron located after the ion gate enables the normal reflectron mode operation of the
instrument when SID is not desired. In the SID experiments, a home made surface
assembly introduced after the reflectron is used. The off-axis MCP detector between the
MALDI source and the reflectron is used to obtain mass spectra from both the reflectron
and SID mode of the instrument. A delay generator serves to provide TTL triggering
signals for the pulsed MALDI laser operation, delayed ion extraction (when used), matrix
blanking ion gate and data acquisition.

2.2.2

The surface assembly
Two surface assembly designs with different modifications are described in this

dissertation while the features common to both designs will be described in this section.
In both designs, the surface assembly (Figure 2.2) consists of a collision target retained
by a metallic (brass or stainless steel) surface holder, followed by an extraction grid
mounted on a second metallic (brass or stainless steel) holder. The grid holder and the
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surface holder were electrically isolated from each other by a 5 mm thick MACOR
spacer. An aperture was machined, in the center of both the surface holder and the
MACOR spacer, exposing the collision target. The extraction grid, metallic holders,
MACOR spacer and collision target were mounted on a custom built assembly consisting
of a z-movable stage (model BLM-275-1, MDC, Hayward, CA) combined with a set of
hinges, allowing variation of the angle between the target surface and the plane parallel to
the last reflectron electrode (Figure 2.2). The minimum increment in azimuthal angle
allowed by this setup was 0.5 degrees. The z-stage used to change the azimuthal angle
was mounted on a second (independent) z-stage (part number KZLSM275010, Kurt J.
Lesker, Clairton, PA) that was used to vary the distance between the surface assembly
and the reflectron back plate.
DC bias voltages for the extraction grid and the collision surface were supplied by
rack-mounted high voltage power supplies (EH Series, Glassman, High Bridge, NJ). The
timing of the surface high voltage delayed-extraction pulse (if used), the laser pulse, and
the voltage pulse applied to the matrix blanking electrode was provided by TTL signals
generated with a digital delay/pulse generator. The surface extraction pulse, when used,
was provided by a high voltage pulser (model PVX-4140, Directed Energy Inc.). This
pulser was connected to a Glassman High Voltage DC power supply to define the pulse
amplitude. The pulsed and static voltages applied to the surface are coupled capacitively
using a 920 pF 40 kV capacitor. All the voltages applied to the surface and extraction
grid were determined by measuring the monitor outputs of the Glassman power supplies
with a 4-digit digital multimeter (model 187, Fluke, Everett, WA). With this monitoring
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arrangement, the high voltages used during the experiments (upto 17 kV) could be
controlled with a precision of ±5 V.
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To Extraction Grid DC
Power Supply
To Surface Bias
and Pulser Power Supplies
Hinges
SAM-coated
Gold Slide
(Surface)
Azimuth Control
Extraction Grid

Grid Holder
(Brass/ Steel)

Macor Spacer
Surface Holder
(Brass/Steel)

Z-axis Control

Teflon/Macor Base

FIGURE 2.2. Schematics of the surface assembly placed at the back end of the reflectron.
The circles represent hinges that allow changing the azimuthal angle. The surface
assembly is held in position by two independent, concentric arms. When the inner arm is
moved in the z-axis direction, the outer (cylindrical) arm remains in place, and thus the
assembly rotates at the hinges changing the surface azimuthal angle. The outer arm is
moved if the surface assembly position is to be changed as a whole with respect to the
reflectron. Figure not to scale.
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2.2.3

The “floating” detector
For the experiments described in Chapter 4, a home made floating detector is

constructed for the source-to-surface TOF measurement of the precursor ions, i.e., to
obtain the time of surface impact with respect to the starting trigger for data acquisition.
This detector is designed to simulate the geometry and the electrical fields of the surface
assembly so that an accurate experimental measurement of the arrival time of the ions at
the surface can be achieved. The time the ions takes to impact on the surface is measured
by replacing the surface with a micro channel plate (MCP) (Burle Industries, Inc.) located
at the same spatial coordinates as the surface with the capability of floating at similar
electrical potentials as the surface.
Figure 2.3 is a schematic diagram of this home made floating detector. Following
the design of the surface assembly, the detector assembly also consists of the components
simulating the grid holder, grid, macor spacer between the metallic grid holder and the
metallic surface holder. These components have the same geometry, dimensions and
similarly spaced and assembled as described for the surface assembly. All the metallic
components are made of polished stainless steel (grade 304). The electrode simulating the
surface holder functions as the front electrode for the MCP that floats at a similar voltage
to the surface. After this first MCP that replaces the surface, a second/back MCP is used
to enhance the gain of the signal from the first/front MCP. The back MCP is separated by
a stainless steel ring electrode of 0.3 mm thickness from the front MCP. The back of the
second MCP is in contact with another stainless steel electrode (“back MCP electrode”)
that is floated at a voltage that is about 1.5 – 2.0 kV higher than the front MCP electrode.
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This electrode is in contact with another stainless steel electrode from which the signal is
collected and capacitatively coupled to the digitizer with a 100 pF capacitor to filter off
the DC kilovolts from the signal. The type of power supplies and the method of power
monitoring are the same as those described for the surface assembly.
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Front MCP Electrode

Back MCP Electrode

MCPs
Grid Holder

Grid
Signal Out

Macor Spacers

FIGURE 2.3. Schematics of the floating detector used to measure the source-to-surface
time-of-flights of the precursor ions.

59

2.3

Materials and samples

2.3.1

MALDI sample preparation
The matrix used for MALDI, α-cyano-4-hydroxicinnamic acid (CHCA) was

purchased from Aldrich Chemical Company Inc (St Louis, MO) and used without further
purification. A matrix solution was prepared by saturating CHCA in a 7:3:0.1 v/v
mixture of deionized water, acetonitrile (Sigma) and trifluoroacetic acid (Sigma). When
sugar is used as a MALDI additive as described in Chapter 4, 2 – 3 mg of D-Fructose
(Aldrich) was dissolved in 100 uL of the above solvent (7:3:0.1 v/v deionized water:
acetonitrile: trifluoroacetic acid) before saturating with CHCA. All the peptides used
throughout this work were purchased from Sigma and used without any further
purification. Peptide stock solutions (100 μM) were prepared in deionized water (Milli-Q
Plus System, Millipore, Billerica, MA) with 0.1% trifluoroacetic acid added. Peptide
solutions were kept refrigerated for a maximum of two weeks, after which they were
discarded. Prior to analysis, 1 μL of the peptide solution was mixed with 9 μL of a
saturated CHCA solution. One μL of this analyte-matrix solution was spotted and air
dried on the stainless steel target surface of the MALDI spectrometer. A 337 nm nitrogen
laser with an average energy of 150 μJ per pulse was used for ionization (model
VSL337i, Laser Science, Inc.).

2.3.2

Preparation of SID surfaces
Glass surfaces coated with a 50 Å layer of titanium followed by a 1000 Å layer of

gold (Evaporated Metal Films Corp., Ithaca, NY) were used as substrates for preparing

60

the SID collision targets. The Au-coated slide was UV cleaned for 30 minutes, rinsed
with ethanol and immersed in a 1 mM ethanolic solution of 2-(perfluorodecyl)ethanethiol
for 12 hours. After this, the surface was immersed in pure ethanol and cleaned in an
ultrasonic bath for five minutes. Sonication was repeated two times using fresh ethanol
volumes. Finally, the surface was air-dried and introduced into the instrument, which
was pumped overnight down to 1.2 x 10-7 Torr. The thiol used for self-assembled
monolayer (SAM) formation on the SID collision target (2-(perfluorodecyl)ethanethiol)
was synthesized by the Chemical Synthesis Facility of the Department of Chemistry,
University of Arizona.

2.3.3

Processing and analyzing mass spectra
For peptide SID spectra, the observed signals were matched to the expected m/z

values

obtained

from

the

MS-Product

routine

in

ProteinProspector

v

4.0

(http://prospector.ucsf.edu). The peptide fragment ion nomenclature used here is the one
suggested by Roepstorff and Fohlman79 and later modified by Biemann.49 A two point
calibration procedure included in Bruker’s XMASS 5.0 software was used for spectral
calibration purposes and required assignment of m/z values of two fragment ions. The
calibrated spectra were smoothed by adjacent averaging and baseline corrected with
Origin 6.0 (OriginLab, Natick, MA). Ion trajectory simulations were performed on a
3.06 GHz Intel Pentium IV processor-PC using SIMION v. 7.0 (Idaho National
Engineering and Environmental Laboratory, Idaho Falls, ID).
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CHAPTER 3

SUBMICROSECOND PEPTIDE DISSOCIATION IN A MALDI TOF SID TOF
MASS SPECTROMETER

3.1

Introduction
The introduction of the surface-induced dissociation (SID) fragmentation method

into a Bruker MALDI TOF MS to obtain tandem mass spectra of peptides along with the
time frame calculations for the initial peptide fragmentation data obtained with this
instrument is described in this chapter. The SID process is simulated using ion-trajectory
calculations in order to determine the fragmentation time frame of the observed peptide
fragments.78 As discussed in Chapter 1, MALDI TOF MS method has salient features
such as high sensitivity, high throughput, fast spectral acquisition and theoretically
unlimited mass range of TOF. It is also mentioned in Chapter 1 that MALDI mainly
produce singly charged ions resulting in mass spectra with singly charged fragments from
activation methods such as collision-induced dissociation (CID) and SID. Therefore the
mass spectra are relatively straight forward to interpret than the ones produced by ESI.
Techniques such as delayed extraction and reflectron (Chapter 1) allowed MALDI TOF
MS to attain high spectral resolution (FWHM=10,000 or more). After this, MALDI TOF
MS became an invaluable analytical method that can be used successfully in protein
sequencing schemes such as the ‘peptide mass fingerprinting’ approach first described in
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1993 by several groups.80-82 Most protein identification methods require obtaining
structural information from gas-phase peptide fragmentation reactions and as such, they
rely on tandem mass spectrometry.83 Although MALDI TOF MS is an excellent method
for obtaining molecular weight information from unknown molecules, production of the
tandem mass spectrometric (MS/MS) information needed for further structural
investigation of the precursor ions is complicated by the pulsed nature of MALDI. As
described in Chapter 1, structural elucidation can be achieved using post-source decay
(PSD) in standard MALDI TOF instruments53, 56, 84, 85 or high energy CID in TOF/TOF
instruments.50, 51 SID, as a complementary fragmentation method to these methods, can
achieve high kinetic to internal energy conversion efficiency and thus it is attractive for
fragmenting singly charged ions produced by MALDI. Furthermore, because of the
instant activation during the surface impact event, SID provides a relatively less-difficultto-measure starting time compared to CID for the fragmentation time frame calculations
carried out in this project. Although the observation time frame of the TOF SID TOF
instrument used in this project is suitable for the specific detection of the fast
(submicrosecond) fragmentation products of the peptides, our group has demonstrated
that the incorporation of SID into a Micromass Q TOF instrument with a longer
observation time frame

produce an abundance of fragment ions resulting from

fragmentation channels extending up to milliseconds.86 This indicates the promising
future employment of the TOF SID method for other applications such as rapid protein
identification.
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Several groups have incorporated SID into TOF mass spectrometers. Schey and
coworkers first demonstrated the feasibility of SID in TOF analyzers using a stainless
steel surface placed between two orthogonal TOF regions.87 The mass resolution and
range of this instrument were further improved by incorporating an electrostatic
reflectron at the second TOF stage.88 This concept was then further pursued by Whetten
and coworkers,89, 90 Zare and coworkers91, 92 and de Maaijer-Gielbert and coworkers93, 94
by implementing SID in a single TOF analyzer with the collision target placed after or
between the ring lenses of an ion reflectron. Reiderer et al.95 and Wysocki et al.96
continued to improve the resolution of these setups by incorporating a voltage pulse to
achieve delayed extraction of SID ions at the surface. In recent work, Russell and
coworkers fragmented peptide ions produced by MALDI by using SID after a first
separation step in an ion mobility drift tube operated at reduced pressure.97, 98 Jungclas et
al. have demonstrated grazing-incidence SID of peptide ions produced by MALDI.99 In a
recent paper, Laskin and Futrell reported an intermediate-pressure matrix-assisted laser
desorption/ionization (MALDI) source interfaced to a 6-T FTICR MS equipped for
surface-induced dissociation. They showed that FTICR SID produced better peptide
sequence coverage than SORI CID.61
In this chapter, the feasibility of performing MALDI TOF SID of peptide ions
using near-normal collision geometry in a benchtop instrument is demonstrated. MALDI
TOF SID is achieved by replacing the drift tube normally used in linear operation mode
with a movable surface assembly placed immediately after the reflectron, without
affecting the standard single stage MS monitoring mode. Delayed extraction using high
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voltage pulsing electronics is employed at the surface to extract the SID ions. Using the
extraction geometry described here and the extraction voltages that we have applied to
date, the SID spectra are dominated by low mass fragments such as immonium ions, b2,
b3 and y2 ions. As in any MS/MS experiment, the observed fragments in a given spectrum
are determined in part by the observation time window of the mass spectrometer used.
The observation time frame for the instrument described here allows the detection of
fragments resulting from very fast fragmentation channels. Laskin and Futrell have
shown that the observation of higher mass peptide fragments resulting from slow
fragmentation pathways requires observation times on the order of milliseconds.
Conversely, they also proposed that some fragments are formed in a very short time
frame, and have suggested a “shattering” type fragmentation mechanism71 (Section 1.5.2,
Chapter 1).
In this MALDI TOF SID work, SID data for several peptides are presented to
illustrate the influence of collision/collection angle, surface extraction delay and collision
energy on the appearance of the spectra. The effect of the surface voltage pulse delay on
mass resolution is presented and compared to SIMION models. A procedure to estimate
the fragmentation time frame based on matching the experimental flight time of fragment
ions to time-of flight values determined by ion trajectory simulations is also described.
The knowledge obtained from these experiments contributes to the understanding of ion
fragmentation kinetics including an assessment of whether “shattering” products are
detected and to improvements in the design of future TOF-SID spectrometers. Further
improvements to increase the accuracy of the measurements and calculations are
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described in Chapter 4. Material presented in this Chapter are reproduced in part with
permission from Gamage, C. M.; Fernandez, F. M.; Kuppannan, K.; Wysocki, V. H.
Anal. Chem. 2004, 76, 5080 - 5091 Copyright 2004 American Chemical Society.

3.2

Methods and materials
As described in Chapter 2, a benchtop MALDI TOF MS (Proflex, Bruker

Daltonics) was converted to SID operation by introducing a surface assembly (Figure
2.2) immediately after the reflectron. The reader is referred to Chapter 2 for more details
about the general construction of the surface assembly design including the apparatus for
DC and surface pulsing voltages while only the unique features of the surface assembly
used in the experiments described in this chapter are explained in this section. The
surface and grid holders are constructed with brass. A Ni grid (20 line mesh, BMC
Industries Inc., St Paul, MN) was attached to the brass holder using copper adhesive tape
(part number 3M 1181, 3M, Maplewood, MN). The grid holder and the surface holder
were electrically isolated from each other by a 5 mm thick MACOR spacer. A 20 by 20
mm square opening with smoothed corners was machined, in the center of both the brass
surface holder and the MACOR spacer, exposing the collision target.
Preparation of the SID surface (gold coated glass surfaces deposited with a
fluorinated alkanethiol SAM), MALDI sample preparation for peptides and the
calibration and smoothing of the MS/MS spectra are performed as described in Chapter 2.
No additives were added to the MALDI matrix to minimize the internal energy content of
the MALDI ions. Ion trajectory simulations were performed on a 3.06 GHz Intel Pentium
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IV processor-PC using SIMION v. 7.0 (Idaho National Engineering and Environmental
Laboratory, Idaho Falls, ID).
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3.3

Modification of a commercial MALDI TOF spectrometer for SID operation
Figure 2.1, Chapter 2, illustrates the experimental setup used to study surface-

induced dissociation of protonated oligopeptide ions produced by MALDI. Our objective
was to develop an SID design that could be later implemented by other MALDI users in
their own spectrometers without major modifications or cost. Simplicity and ruggedness
were the main characteristics sought in the design. As mentioned in Chapter 2, our
surface assembly has features that enable the user to vary the distance between the
extraction grid and the last reflectron lens and change the angle inscribed by the source,
the surface and the detector (azimuthal angle) (Figure 2.2, Chapter 2). These features of
the SID assembly are only necessary to enable full optimization of our first prototype, but
should not be needed in future simplified versions of the setup described here.
Limited tandem TOF capabilities were added to the instrument by reconfiguring
the matrix-blanking high voltage electronics. In the original configuration provided by
the vendor, the ion gate (Figure 2.1, Chapter 2) works as a low mass filter device. Ions
with time-of-flight shorter than the time set via software, usually the matrix ions, are
deflected. After this set time is reached, the electrode is grounded and all ions are
transmitted. In preparation for experiments with peptide mixtures, the ion gate transistor
switch was reconfigured to provide a coarse mass selection of the precursor ion. This
selection is achieved by pulsing the ion gate to ground for a 1-1.5 microsecond window
centered at the desired TOF. Due to the fringing fields projected by this electrode
geometry, a mass selection interval of only 50 mass units was achieved. Better mass
selection could be potentially achieved with a Bradbury-Nielsen type ion gate, where the
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fringing fields in the direction of the flight trajectory are partially cancelled by the
alternating polarity of the different wire sets.100
The DC voltages applied to the electrostatic optic elements of the spectrometer
for SID operation differ from the ones used in normal MALDI TOF reflectron mode.
Standard source voltages are generally 19.5 kV for the sample plate and 15.75 kV for the
extraction plate. However, for optimal SID fragment mass resolution, the parent ions
should be space-focused at the collision surface. The position of the space focus is a
function of the ratio of the extraction and acceleration fields.38 Sensitivity and mass
resolution improve at high acceleration voltages and thus DC surface voltages at or
around 20 kV is desirable. However, during the initial experiments described here, it was
not possible to reach this voltage due to intermittent arcing between the surface assembly
and the grounded TOF drift chamber (In later experiments, arcing was minimized by
modifications such as replacing brass parts with polished stainless steel). The sample
plate (MALDI target) had to be lowered from 20 kV to a compromise value of 16.2 kV
with the extraction plate voltage set to 14.9 kV. The static surface DC bias voltage prior
to the surface pulse is set between 200 and 300 V lower than the sample plate to provide
collision energies in the hyperthermal energy range (corrected for initial velocity and
spatial displacements within the source; see below). The last reflectron plate voltage was
decreased with respect to the reflectron mode setting from 16.5 kV to 5.0 kV. This
setting reduces the velocity of the precursor ions by an opposing potential energy
gradient in their flight path and partially compensates for the spread in kinetic energies.
However, it does not produce a velocity reversal, allowing for the passage of the
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precursor ions through the reflectron lenses and subsequent collision with the surface.
This reflectron setting also reduces the appearance of the metastable PSD ion peaks that
interfere with SID ion signals. SID ions were extracted using a surface voltage pulse
(capacitively coupled to the surface DC bias) and an extraction grid operated at 12 kV
that was placed in front of the collision target resulting in a two stage extraction of ions
formed by surface collision.
A major difference between the present MALDI TOF SID instrument and our
previously reported EB/TOF instrument96 is that in the latter case, the TOF mass analysis
of the scattered ions is performed coaxially, and in the present case, it is done with ‘Vshaped’ optics. However, the instrument concept remains the same. It has been shown
that fragment ions produced after surface-induced activation can be scattered at a wide
range of angles. For example, the preferential scattering of parent and fragment ions at
different angles has been described by Futrell and coworkers101 and Herman and
coworkers102 for benzene radical cations and their SID fragments. However, scattering of
ions from an ion beam impacting at a near-to-normal geometry has not been reported in
the literature. For this reason we added the capability of varying the surface azimuthal
angle of our surface assembly. Figure 3.1 shows YGGFLR SID spectra collected at
different surface angles. Two results can be pointed out. First, it is clear that there is an
angle at which the SID spectrum shows the best overall signal to noise ratio (3.75
degrees). The second observation that can be drawn from the results presented in Figure
3.1 is that at angles smaller than 3 degrees a signal for the protonated parent ion can be
seen at m/z = 712.8. This result is in accordance with the results reported by Jungclass
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and coworkers who used a surface coated with a perfluorinated compound to perform
SID.99 In their work on grazing-incidence SID, they found that by placing the detector at
different positions, different types of ions could be detected. Small fragments
corresponding to immonium ions were preferentially detected if the detector was placed
closer to the optical axis of the spectrometer, while larger fragments and intact precursor
ions were detected if the signal was monitored at a position farther away from the optical
axis of the spectrometer. In practice, a surface angle in the range of 2.5 to 3.0 degrees
was used as a compromise between good sensitivity for the fragment ions and a
representative sampling of all the ions formed by SID in this setup. Although the surface
angular position was fine tuned for every peptide studied, no major differences in the
optimum azimuthal angle were found.
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FIGURE 3.1. SID spectra of YGGFLR at different azimuthal angles. The azimuthal angle
is inscribed in the plane formed by the source, the collision point at the surface, and the
MCP detector. An azimuthal angle of zero degrees means that the surface is parallel to
the last reflectron plate. The collision surface was rotated as shown in Figure 2.2, Chapter
2.
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3.4

System optimization and trajectory simulations using Simion 7.0
Trajectory simulations performed with SIMION 7.0 were used both to understand

the behavior of our SID setup and to further optimize it. The initial kinetic energy values
needed for SIMION simulations of both analyte and matrix ions (prior to their extraction
at the source) were derived from the values for zero accelerating field conditions reported
in the literature. Chait et al103 have reported an average initial velocity for peptide ions
produced by MALDI of about 750 m s-1. In their study they also concluded that this
initial velocity is not significantly dependent on the analyte mass. Later,104 they also
reported that the initial radial velocity component of MALDI ions is significantly lower
than the axial velocity component thus resulting in a forward peaked ion plume. Russell
and coworkers have measured larger initial kinetic energies for MALDI-produced ions
under non-zero extraction field conditions using an electrostatic analyzer/TOF setup.105
The kinetic energy values reported by Russell et al. decrease with decreasing extraction
field, and approximate the values reported by Chait at zero extraction fields. Karas and
coworkers reported an initial velocity of 291 m s-1 for the larger insulin ion (Mw= 5.8
kDa) using CHCA as the MALDI matrix.106 In our studies, we used the initial kinetic
energy data reported by Chait and coworkers to describe the starting ion population in
SIMION. The ions’ initial velocities and spatial displacements during the time elapsed
before the source extraction plate is pulsed were calculated for a delay of 235 ns
(measured experimentally). A total of 20 ions with equal mass to charge but different
individual starting coordinates and velocity were input into SIMION. Initial kinetic
energies given to the ions spanned the range of 1.4 to 5.3 eV, following a Gaussian
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distribution. The starting angular distribution given to the ions ranged from normal (0
degrees) to 15 degrees.104 Ions were started at the surface of the MALDI sample spot,
centered and incremented over a 1 mm2 area; no initial position spread in the z-axis
(optical axis) was introduced.
Timing and synchronization of the source and surface extraction pulses are of
utmost importance and were included in the simulations via user-programs. Figure 3.2
describes the triggering sequence during system operation. The time elapsed between the
laser trigger and the surface impact is directly related to the experimental delay of the
surface voltage pulse (DSVP). The experimental DSVP differs only by a few hundred
nanoseconds from the surface impact event (TOFsource-surface). This delay is used to
improve the mass resolution.

During our initial experiments TOFsource-surface values

obtained from SIMION simulations were used as the first guess values for the
experimental DSVP.

After SID data for several peptides were obtained, the

experimentally determined DSVP values were plotted against the square root of the mass
of the protonated peptide ion in order to obtain the linear plot shown in Figure 3.3.
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FIGURE 3.2. Timing sequence of a single-shot MALDI TOF SID experiment. DSVP,
delay of the surface voltage pulse; DSE, delay of the surface extraction.
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FIGURE 3.3. Dependence of the surface voltage pulse delay (time, μs) on the square root
of the ion’s mass. Black symbols: experimental surface pulse delay for SID ion activation
(DSVP) corresponding to source-surface time-of-flight plus delay of surface extraction
(DSE), White symbols: source-surface time-of-flight simulated with SIMION.
1, YFGGFLR; 2, ASHLGLAR; 3, PPGFSPFR; 4, angiotensin III; 5, LMYPTYLK;
6, fibrinopeptide A; 7, fibrinopeptide B.
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The experimental DSVP values shown in Figure 3.3 correspond to a sample plate
electrode voltage of 16.2 kV, a source extraction voltage of 14.9 kV, a source lens
voltage of 9.8 kV, a reflectron voltage of 5.0 kV, a surface grid voltage of 12.0 kV and a
surface voltage of 15.9 kV. The obtained linear plot (r2=0.9988) can be used to further
predict experimental DSVP for additional peptides. Figure 3.3 also shows the simulated
TOFsource-surface values. The fact that both the simulated and experimental values have
similar slopes (0.384±0.002 and 0.375±0.006 respectively) is good evidence that our
simulations are in agreement with the experiments. The simulated TOFsource-surface
values are lower than the corresponding experimental DSVP values because in order to
obtain optimum resolution for the SID ions we have introduced a small delay between the
ions’ impact and the surface extraction pulse (Figure 3.2, “delay of the surface
extraction”, DSE; DSVP = TOFsource-surface + DSE).

It is well known that in

MALDI, delayed extraction reduces the effect of the ions’ spatial and energy spread.107
During delayed-extraction MALDI the different broadening mechanisms are allowed to
proceed for a given time after which the ion packet is compressed in the flight direction
by a pulsed electrical field, reaching a focal point at the detector. However, less attention
has been paid to the use of delayed extraction as a means of improving the resolution of
ions formed at (or near) a collision target during SID. Wysocki and coworkers have
reported that the best mass resolution during SID in a coaxial TOF was obtained with a
DSE value of a few hundred nanoseconds96 for a surface extraction field of 500 V cm-1.
Figure 3.4 shows the effect of different surface pulse delays on the mass
resolution obtained for SID of YGGFLR protonated ions. The optimum DSVP observed
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for YGGFLR was 13.6 μs as shown in the spectrum presented in Figure 3.4(b). A DSVP
of 13.5 μs resulted in better focusing for the immonium ions (Figure 3.4(a)) while a
DSVP of 13.7 μs focused larger mass fragments better than the immonium ions (Figure
3.4(c)). These results are in agreement with the simulations performed by Franzen39 who
showed that the commonly used delayed extraction method only focuses ions in a limited
mass-to-charge window. Note the additional appearance of unresolved broad signals due
to metastable decay of precursor ions. These metastable ion signals were minimized in
subsequent experiments by decreasing the reflectron voltage from 10 kV (used for spectra
shown in Figure 3.4) to 5.0 kV to defocus the PSD ions (see Figure 3.6 (a)).
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FIGURE 3.4. Effect of surface pulse delay (DSVP) on the SID spectra of YGGFLR.
Collision energy was 45 eV in each case. A total of 150 shots were collected for each
spectrum. PSD peaks were minimized in subsequent experiments (see text).
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Unlike previous TOF SID experiments utilizing continuous ion extraction at the
source96 where the collision energy was calculated as the source-surface potential
difference, the laboratory frame collision energy in MALDI TOF SID is a function of the
voltage applied to the sample plate electrode, the voltage applied to the source extraction
plate, the time delay employed in the extraction of MALDI ions and the surface DC
voltage bias. Therefore, the collision energies of the peptide ions had to be obtained by
simulations rather than by simply subtracting the surface DC voltage bias from that of the
sample plate electrode. The “corrected” collision energy can be determined using a plot
of the simulated laboratory collision energy vs. the source-surface potential difference.
Such a plot was obtained for a sample plate voltage of 16.2 kV, an extraction voltage of
14.9 kV and a 235 ns extraction delay (data not shown). The obtained plot was linear
with r2=1.00 and a y-intercept of –269 eV indicating that the real laboratory frame
collision energy is lower than the potential difference between the source and the surface
by 269 eV. The need for this correction in the laboratory collision energy scale can be
understood as follows: during the time interval preceding the ion extraction at the source,
precursor ions have enough time to fly towards the extraction plate. At the moment of
ion extraction, the potential gradient that the ions experience is smaller than the one to
which they would be exposed if started exactly at the sample plate. In other words, the
displacement in the flight path direction during the extraction delay reduces the distance
between the ions and the extraction plate and consequently the electrical field applied to
them, thus reducing the effective SID collision energy.
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3.5

Surface-induced dissociation of MALDI-generated peptide ions.
Figure 3.5 shows energy-resolved SID spectra of angiotensin III. Figure 3.5 (a)

shows the results for the ‘parent ion turning’ experiment. Figures 3.5 (b) and 3.5 (c) show
SID spectra at surface DC voltage bias values resulting in laboratory collision energies of
50 eV and 60 eV respectively.

Notice the decrease in parent ion signal and

corresponding increase of immonium ion to a ion ratio when the collision energy is
increased from 50 eV to 60 eV, providing evidence of the correct functioning of the
modifications introduced in the spectrometer to perform surface-induced ion-activation.
A MALDI TOF SID spectrum of YGGFLR at 50 eV is shown in Figure 3.6 (a). In
the low mass end of the MALDI SID spectrum, fragment ion peaks show a FWHM of 1
to 3 Da (2.5 Da at m/z = 136 Da). This spectrum can be compared with the YGGFLR
spectrum (at 50 eV collision energy) shown in Figure 3.6 (b) obtained with the FAB
EB/TOF SID instrument reported earlier by our group.96 The EB/TOF SID spectrum
shows FWHM values of 1.5 Da at m/z = 136. This difference in resolution is attributed
mainly to the differences in flight path (525 mm in the MALDI TOF SID instrument vs.
775 mm in the FAB EB/TOF SID instrument) and the extraction field which determines
the time available for fragmentation prior to analysis. Although both spectra show
intense signals in the low-mass end, the spectrum obtained in the FAB EB/TOF SID
instrument shows a larger relative intensity of the F, y1, b2 and b3 ions. While this
difference might be partially attributed to differences in internal energy deposited in the
sources, fragmentation kinetics likely play a role in the differences in relative abundances
observed: the TOFsurface-detector for protonated YGGFLR is 8 μs in the MALDI TOF SID
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instrument and 27 μs in the FAB EB/TOF SID instrument with 0.4 μs and 2.0 μs being
the residence times in the corresponding surface extraction regions respectively. In the
short time frame sampled in our benchtop MALDI instrument only fast decay products
are observed and a larger fraction of the parent ion survives at the same collision
energy.108 The different ratio of L/R and F to Y in the spectra from the two instruments
is consistent with this observation time frame. It has been reported in the literature that
slower dissociation products can be observed in other SID setups such as those that use
trapping instruments70 or when the SID ions are not immediately extracted into the TOF
analyzer after the collision.97, 98
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FIGURE 3.5. SID spectra for Angiotensin III (RVYIHPF): (a) parent ion turning (no
collision), (b) 50 eV and (c) 60 eV collision energies. 300 laser shots were collected in
each case. Sample plate = 16.198 kV, extraction plate = 14.900 kV, lenses at the source =
9.791 kV, last reflectron plate = 5.000 kV, surface grid = 12.000 kV, delay of the surface
voltage pulse = 12.6 µs, extraction delay at the source = 235 ns.
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FIGURE 3.6. YGGFLR SID spectra obtained at collision energy of 50 eV using (a)
MALDI TOF SID and (b) EB/TOF SID with FAB ionization. 500 shots were collected
for the MALDI experiment (1.5 kV extraction pulse, 525 mm flight path). The
acquisition time in the EB/TOF experiment was 512 seconds, equivalent to 2,058,000
gate pulses, each one 800 ns wide (500 V extraction pulse, 775 mm flight path).
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3.6

Investigation of the time-frame of the observed fragmentation processes
SIMION 7.0 simulations of the trajectories of the precursor ion and the fragments

were used to model and determine the fragmentation time-frame for selected peptide
ions. Figure 3.7 (a) illustrates the major steps of the simulations. In these simulations, the
precursor ions were started at the surface with a kinetic energy not exceeding 10 eV for a
50 eV collision to simulate an inelastic scattering event.63 Their mass was then changed
at a specific time (called fragmentation time for simplicity) as shown in Figure 3.7 (a).
This event simulates the fragmentation process, where at the instant of dissociation the
precursor ion’s velocity is conserved but the ion’s mass decreases so that the kinetic
energy is decreased in proportion to the mass. Then, in subsequent calculation steps, the
ion’s velocity is adjusted according to the electric fields present. All the electric fields
were set to the values used experimentally for a 50 eV collision. The experimental 50 eV
collision SID spectrum for YGGFLR is shown in Figure 3.6 (a).
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FIGURE 3.7. (a) Illustration of the simulated fragmentation time and the simulated
detection time calculated with SIMION 3D 7.0. At time (t1 – t0), m/z corresponding to
activated precursor ion is changed to the m/z corresponding to a fragment ion. The
symbols in Figure 3.7 (b) correspond to different simulated (t2 – t0) values (y axis) and
(t1 – t0) values (x axis).
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FIGURE 3.7. (b) Simulated flight times (from surface to detector) for several fragments
of protonated YGGFLR as a function of the time that the precursor ion is allowed to
survive, without fragmenting, after the surface impact. Simulated electric fields are the
same as those employed in the 50 eV collision experiment. The relative positions of the
surface, grids and the field free region with respect to the location of the precursor ion
when it fragments are also indicated at the top of the plot.
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Figure 3.7 (b) shows the simulated TOFsurface-detector for the protonated YGGFLR
fragments as a function of their fragmentation time. As shown in Figure 3.7 (b), the
TOFsurface-detector of the precursor ion (solid line, top) does not change because this ion
does not undergo fragmentation. It is evident from Figure 3.7 (b) that the TOFsurface-detector
of any fragment ion depends on the time at which the precursor fragments. It is also
evident that all TOFsurface-detector values for the fragments become closer to that of the
intact precursor after a time window of about 2 μs. After this time window, the fragment
formation takes place in the field free region of the instrument. In this situation, the
fragments retain the velocity of the precursor ion which remains unchanged due to the
absence of electrostatic fields and the fragment ions reach the detector at the same
TOFsurface-detector as the precursor ions. For YGGFLR, the selected extraction fields and the
spacing between electrodes in this instrument limit the time window available for
fragmentation prior to the arrival at the field free region to approximately 2 μs. For the
heavier peptide LMYPTYLK this time window extends to 2.5 μs. These time frames are
shorter than those of our FAB EB/TOF SID instrument (approximately 20 μs). In order to
match the experimental TOFsurface-detector with the simulated TOFsurface-detector shown in
Figure 3.7 (b), the fragment ions observed must have been produced at a fragmentation
time between 250 to 300 ns after the surface impact event. The simulated fragment
formation times that correspond to the experimental TOFsurface-detector values for different
YGGFLR fragments are summarized in Table 3.1. In terms of spatial coordinates, these
fragmentation times correspond to fragments produced in close proximity to the surface
(2.5 mm). We obtained the same general time frame of fragmentation for fragments
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obtained by SID of the peptides angiotensin III (RVYIHPF, 932 Da), LMYPTYLK (1029
Da), des-R1-bradykinin (PPGFSPFR, 905 Da) and des-R9-bradykinin (RPPGFSPF, 905
Da) (data not shown). Necessarily, the specific electrostatic fields used in our
experiments are such that they focus the fragment ions formed in the surface-to-grid
region, producing peaks in the mass spectrum with an acceptable width (FWHM 20-50
ns). Figure 3.8 is a plot of simulated TOFsurface-detector spreads for three fragments ions (R,
y1 and b3) as a function of the average fragmentation position from the surface. The
simulation results shown in Figure 3.8 were obtained using an initial TOF spread of 71 ns
for the precursor ion packet starting at the surface. This value was determined by a
preliminary simulation where ions were flown from the source to the surface with starting
conditions in agreement with possible initial energy spreads before acceleration (0 – 5
eV) and a laser pulse width of (3 ns).
detector

According to Figure 3.8, a simulated TOFsurface-

spread of 20 – 50 ns for the extraction fields used to obtain the spectrum of Figure

3.6 (a) corresponds to average fragmentation positions of 1-3 mm away from the surface
and a fragmentation time frame of 250 – 300 ns in agreement with the experimental
results and the previous simulation results. Assuming that the ion optics are capable of
collecting ions produced at all the different scattering angles and kinetic energies, Figure
3.8 also illustrates that only the fragment ion signals produced from the decay processes
in the time interval from the surface impact event to hundreds of nanoseconds have time
widths that result in detectable signal-to-noise-ratios. In this case, this defines the
observation time window of this instrument for the studied peptides under the applied
extraction conditions.
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Mass
(Da)

Simulated Fragmentation
Time
(ns)

70 (R)

330

120 (F)

295

175 (y1)

279

221 (b2)

262

278 (b3)

260

TABLE 3.1. Simulated fragment formation times corresponding to the experimental
surface-to-detector flight times obtained from the MALDI TOF SID spectrum of
protonated YGGFLR at 50 eV collision.
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FIGURE 3.8. Simulated TOF time spreads at the detector for three fragments of the
protonated YGGFLR as a function of the average position of the precursor ion with
respect to the surface when it undergoes fragmentation. Simulated electric fields are the
same as those employed in the 50 eV collision experiment. The inset shows an expanded
region of 0 – 3 mm from the surface.
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The possible sources of errors that may contribute to the average TOFsurface-detector
simulation discussed above include the estimation of the delay of the surface extraction
(DSE), the estimation of the initial conditions of the precursor ions during the inelastic
scattering event from the surface such as the initial kinetic energy, position on the
surface, scattering angle and errors resulting from errors in distance and voltage
measurements. The experimental DSE could be different from the estimated value of 740
ns for YGGFLR. Simulations were performed to estimate the maximum possible error in
the predicted fragmentation time frames using extreme values for DSE (in the range of 01000 ns). These indicated a maximum possible error of about 50 ns. Another source of
error is the estimated starting kinetic energies for the precursor ions that are around or
less than 10 eV for a 50 eV collision based on the results reported by Hanley and
coworkers.63 We performed simulations using a range of initial kinetic energies (0 eV 10 eV for a 50 eV collision) obtaining the same time frame for the formation of the
observed fragment ions (250 – 300 ns). This result indicates that the kinetic energy of the
surface-scattered ions does not have a significant effect in the final arrival time
distribution of the fragment ions at the detector because kinetic energies achieved by the
extraction fields are more than two orders of magnitude greater than this initial scattering
energy. According to our simulations, the different initial positions (modeled for random
positions in a 10 mm x 10 mm square region at the surface center) and scattering angles
for the precursor ion beam at the surface (modeled for scattering angles in the range of 0
– 90 degrees) may contribute to the maximum possible error by about 20 ns. To evaluate
the contribution to the error arising from distance measurements used for SIMION
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drawings of the commercial part of the instrument, experimental source-to-detector TOF
of a known analyte was compared to the simulated value. For example, in the regular
reflectron mode the experimental and simulated source to detector TOF values for
protonated YGGFLR are 20.918 μs and 20.911 μs respectively with only a 7 ns
difference. The other distance measurements in the introduced surface assembly region
are performed with a digital caliper (Model CD-S6”CT, Mitutoyo Corp., Japan) which
introduces errors of + 0.02 mm. As mentioned in the experimental section, the voltage
measurements were performed using the monitor outputs of the power supplies with a
precision of 5V. Therefore, considering all the possible sources of errors, we estimate a
maximum possible systematic error of less than +100 ns in the estimation of the
formation times of the fragments. Even with this maximum possible error, our estimated
250 – 300 ns time frame of formation for the major fragment ions in the spectrum shown
in Figure 3.6 (a) falls in the hundred-nanosecond range.
As an additional method of validating the fragmentation times that we report here,
a similar comparison between experimental arrival times and SIMION simulations was
performed for the 50 eV FAB EB/TOF SID spectrum of YGGFLR (Figure 3.6 (b)). As
mentioned earlier, the EB/TOF SID instrument has a much lower surface extraction field
(500 V/cm vs. 7200 V/cm for MALDI TOF) resulting in longer times spent in the
extraction region for the SID ions (2 μs FAB EB TOF SID vs. 0.4 μs MALDI TOF SID) .
We obtained fragmentation times in the range of 250 – 300 ns (approximately 1 mm
away from the surface) for this instrument, consistent with the MALDI TOF SID results.
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In the experiments and simulations reported in Chapter 4, the energy dependency of the
fragmentation time frame is investigated. Some trends suggested by the differences in the
fragmentation times for different fragment types are also discussed in Chapter 4. The fact
that different fragmentation pathways have different fragmentation times illustrates that
the phenomena observed in our experiments are a function of the precursor ions’
molecular structure and associated fragmentation pathways and not an artifact of the
measurements or simulations.
The above results indicating fragment formation at close proximity to the surface
imply a fast fragmentation process but do not correspond to immediate fragmentation
upon surface impact (“shattering”) as suggested by Laskin et al71, 72 as described in detail
in Chapter 1. Our combined experimental and simulation studies indicate a decay process
occurring close to the surface (2-3 mm) under the extraction conditions used, in a
hundreds of nanosecond time frame. We also performed simulations for a surfaceshattering process and obtained no experimental evidence (ion signals) that match the
calculated TOFsuface-detector under the employed extraction conditions. Energy resolved
studies presented in the next chapter indicate decay processes that depend on the amount
of kinetic energy of the impacting precursor ion. The faster rates observed at higher
collision energies (see Chapter 4) indicate fast decay processes that depend on the
amount of internal excitation rather than an instantaneous process taking place during the
residence time of the ion at the surface. As described in Chapter 4, this phenomenon is
further investigated in a more rigorous treatment employed to compare the similarity of
the decay process to a fast unimolecular decay process. In this treatment, a theoretical
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peak shape for the observed fragment signal is simulated assuming a unimolecular decay
process with the surface impact time as the starting time. Various contributions to the
broadening of the experimental peak shape are also considered in this theoretical
simulation. Comparison of the experimental peak shape with theoretical peak shapes
resulting from different unimolecular decay rate constants revealed that the theoretical
peaks that match the best with the experimental peaks and that have the fragmentation
time frames similar to those estimated by the measurement of the experimental arrival
times, have a unimolecular decay rate constant in the range of 106 – 107 s-1 (Chapter 4).

3.7

Conclusions
This study shows the feasibility of surface-induced activation of MALDI-

generated peptide ions in a TOF analyzer using a close-to-normal collision geometry.
Simulations with SIMION 7.0 indicate a fragmentation time-frame in the nanosecond
region corresponding to an average fragmentation region located 1-3 mm away from the
surface, for the studied peptides and extraction fields used. This instrument will prove
useful in further kinetic studies of these sub-microsecond fragmentation processes of
peptides. Chapter 4 discusses more experiments performed to improve the accuracy of
the measurements and more fragmentation kinetics data for peptides. Chapter 4 also
discusses a method to compare experimental and simulated peak shapes to investigate the
similarity of the decay process to a unimolecular decay process.
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CHAPTER 4

SURFACE-INDUCED PEPTIDE DISSOCIATION KINETICS WITH STATIC
ION EXTRACTION CONDITIONS

4.1

Modifications to the MALDI TOF SID TOF MS
Further kinetic studies of surface-induced fragmentation of peptide ions desorbed

and ionized using the MALDI method are described in this chapter. While the major
instrumental setup remains the same as reported in Chapter 3, several modifications were
effected in order to improve the accuracy of the method. First, during the MALDI sample
preparation, the matrix additive D-fructose is added to reduce the internal energy content
of the ions formed at the source to study surface-induced dissociation kinetics without the
interference of other activation processes. Second, the use of the surface voltage pulse to
extract the surface-scattered ions is discontinued and only a two-stage DC electrical
extraction field is employed for this purpose. This modification is to improve the ability
to simulate the process more accurately with SIMION ion optics program because the
difficulties of realistic simulation of the timing and the shape of the surface voltage pulse
could introduce systematic errors into the fragmentation time frame calculations.78
Another major improvement in the measurements is obtained by the application of a
home-built floating detector to measure the “start time” for the SID process with respect
to the initialization of data acquisition. These modifications will be briefly described in
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the following sections. However, as will be pointed out later, the fragmentation times
obtained with these modifications do not differ significantly from our previously reported
results.78 In addition to these modifications, the nature of the decay process as a
unimolecular decay process having the surface impact event as the starting time is
investigated by a theoretical modeling of the peak shape of the fragment ion signal and
comparing the theoretical peak shape with the experimental peak shape. The results from
this approach indicated that the fragmentation process may be approximated by a fast
unimolecular decay process occurring at a log rate constant of 6 - 7, that is also in
agreement with the time frames estimated by the method based on the simulations and
experimental arrival times (Chapter 3).

4.1.1

Fructose as a MALDI additive
The peptide fragmentation studies with SID ion activation method as discussed in

the previous chapter is based on the assumption that the dissociation is initiated by the
internal energy deposited during the surface-impact of the precursor ion. The internal
energy transferred during the MALDI ionization process is assumed to be insignificant
for the ions surviving the time of flight from the source to the surface without undergoing
metastable decay, as in the post-source decay (PSD) process. However, the alpha-cyano4-hydroxycinnamic acid (CHCA) matrix used in the MALDI method is known to be a
“hot” matrix that transfers relatively more internal energy to the molecular ions than
“colder” matrices such as 2-4-dihydroxy benzoic acid (DHB).109 On the other hand, the
sample preparation method with CHCA matrix for peptides is a widely used robust and
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sensitive method. Therefore, we investigated the possibility of incorporating a matrix
additive in the MALDI sample preparation with CHCA in order to minimize the
production of metastable ions. Previous work has clearly demonstrated that the addition
of fructose in the preparation of peptide samples with CHCA matrix minimizes the
metastable fragmentation of the peptide ions due to a decreased internal energy
content.110 There is also evidence for decreased initial kinetic energies for the ions
produced in this way.110 The mechanism by which this takes place is not clearly
understood. We used the dried droplet method for the preparation of the samples with
fructose as described in the Section 2.3.1 of Chapter 2. A minimization of the interfering
metastable ion signals in the SID mode of the instrument is observed in agreement with
the above reported work, indicating the production of “cooler” ions at the MALDI ion
source. This is also shown by the PSD mode spectra obtained for the peptide Angiotensin
III with a Bruker ReflexTM III MALDI TOF MS (Mass Spectrometry Facility,
Department of Chemistry, University of Arizona) as shown in Figure 4.1. CHCA matrix
is used for MALDI without sugar additives in obtaining the PSD spectrum shown in
Figure 4.1 (b) while spectrum 4.1 (a) is a PSD spectrum obtained after adding D-fructose
to the matrix as an additive. Inset in Figure 4.1 (b) is a blow-up for the mass region 200 –
300 Da where low-mass PSD signals are observed. Chapter 2, Section 2.3.1, describes the
sample preparation in detail. All the other conditions are the same for both experiments
including the laser attenuation (70%). No PSD ion signals are observed for the sugaradded sample (Figure 4.1 (a)) while the no-sugar sample (Figure 4.1 (b)) shows
metastable fragmentation of the molecular ion.

98

Relative Intensity

(a)

4000

MH+

3000

2000

1000

0
200

300

400

500

150

(b)

600
m/z

700

800

900

4000
y2

Relative Intensity

100

MH+

3000
50

a2-NH3

2000

b2-NH3
HP

0
200

b5

250

300

1000

0
200

a5-NH3 a5

300

400

500

600

b5+H2O

700

800

900

m/z

FIGURE 4.1. PSD spectra for the peptide Angiotensin III using a Bruker ReflexTM III
MALDI TOF MS. (a) PSD spectrum with CHCA matrix and the matrix additive Dfructose (b) The same experiment except for the addition of D-fructose additive. Inset for
(b) is a blow-up (≈ x 20 in the intensity axis) for the m/z region 200 -300.
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It may be speculated that the frequency and nature of the collisions of the analyte
with the desorbed sugar molecules could have led to a damping of the vibrational energy
content of the peptide ions (“collisional cooling”) minimizing the metastable
fragmentation. An alternative explanation for the decreased metastable fragmentation of
the sugar incorporated samples may be provided by the cluster ionization mechanism for
MALDI ion formation described in section 1.2.4, Chapter 1. According to this model, it
is possible that the incorporation of an additive could cause better incorporation of the
analytes in the initially formed matrix-analyte clusters described in this model.28,

29

It

should be noted that these explanations are only speculations and further investigation
into this phenomenon is beyond the scope of this project.

4.1.2

DC only extraction fields for the surface-scattered ions
In another modification to the initial SID setup, the extraction electrical fields for

the surface-scattered ions are modified so that they can be simply and more accurately
modeled. The surface voltage pulse employed in the previous experiments is removed
from the experimental method. The accurate electrical measurement and subsequent
simulation of the shape of the surface voltage pulse including features such as the rising
edges and falling edges proved to be less reliable especially when the pulse is applied on
a DC voltage as high as 9 kV. In addition to this, the estimation of the delay of the
surface voltage pulse with respect to the surface impact event could introduce systematic
errors to the measurement.78 Therefore, SID spectra were obtained using only a two-stage
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DC only extraction field with which the simulation of the setup is rather simple and more
reliable with regard to fragmentation time frame calculations.
As described in Chapter 2, the grid in front of the surface (“first grid”) provides a
more homogeneous electrical field that serves as the first DC extraction region for the
ions scattered from the surface. After that, another DC electrical field is defined between
this grid and the grid of the back reflectron plate (“second grid”). Since in our initial SID
experiments, voltages in the range of 5 – 10 kV were applied to this second grid, a third
voltage gradient existed from the second grid to the middle of the reflectron. As part of
the recent modification, we were able to achieve SID spectra with the second grid at
ground electrical potential. This arrangement defined a simple two stage extraction DC
voltage gradient between the surface and the second grid with voltages applied only to
the surface and the first grid. As an added benefit of electrically grounding the second
grid (grid of the back reflectron plate), we were able to eliminate any PSD ion signals
that may be focused by the reflectron. The voltages used in these experiments are also
different and lower than those used in the initial studies. The sample electrode at the
source region is operated at 9.1 kV while the second extraction plate in the source and the
einzel lens (see section 2.2.1, Chapter 2) voltages are optimized to 8.6 kV and 1.0 kV
respectively. As a result, the surface could be floated around 9 kV for the peptide SID
studies with the first grid at 5.2 kV. These voltage conditions are shown in Figure 4.2.
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FIGURE 4.2. A block diagram of the instrument showing the applied voltage conditions
for the major components during SID operation.
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Figure 4.3 compares SID spectra obtained for the peptide Angiotensin III at 70 eV
collision energy demonstrating the effect of the surface voltage pulse on the SID signals.
Spectrum in Figure 4.3 (a) is obtained with the dual stage DC extraction gradient
employing the surface voltage pulse with the other DC voltage conditions mentioned
above while spectrum 4.3 (b) is obtained under the same conditions except that no
surface voltage pulse is applied. It is clear that the surface voltage pulse improves the
resolution of the SID signals. This is likely due to a “bunching effect” for the ion packet
due to a delayed increment in the extraction effected prior to entering the field free
region, because the time delayed second voltage gradient (i.e, the pulse) is applied on top
of an already existing DC extraction field. In the experiments performed without the
surface voltage pulse, we were still able to get a good measurement for the arrival times
of the ion signals. These data are used in order to calculate the average fragmentation
time frames because, as mentioned earlier, one of our main intents is to obtain a good
agreement between the experiment and the simulation. However, as will be discussed in
the future directions (Chapter 6), the resolution of the SID spectra may be improved
further for future analytical applications.
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FIGURE 4.3. Comparison between the SID spectra for the peptide RVYIHPF at 70 eV
collision energy obtained (a) with the surface voltage pulse and (b) without the surface
voltage pulse with all the other conditions identical (see text).
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4.1.3

TOF measurements with the home-built floating detector
For the fragmentation calculation method using simulated detection time –

fragmentation time (DTFT) plots as described in Section 3.6 of Chapter 3, the
experimental detection time for a particular fragment is required in order to compare it to
the simulated detection time to obtain a fragmentation time by means of interpolation.
The experimental detection time is the TOF of the ion from the surface impact event to
the detection event (TOFsurface-detector) that should be experimentally measured. However,
the experimental arrival time recorded during the experiment is the sum of the TOF of the
precursor ion from the source to surface (TOFsource-surface) and the TOFsurface-detector.
Therefore, to obtain the experimental TOFsurface-detector, a simulated TOFsource-surface value
for the particular precursor ion is subtracted from the experimentally detected arrival time
in the experiments discussed in Chapter 3. In order to make this procedure more accurate,
a detector assembly was constructed to measure the TOFsource-surface experimentally at the
exact location of the surface under the same electrical fields for each of the precursor
ions. This provided a more reliable measurement of this critical parameter that will be
subtracted from the arrival time recorded in the spectrum for a particular SID fragment
ion to obtain a more accurate experimental TOFsurface-detector value. This value can then be
compared with the DTFT plots and unimolecular decay kinetics in order to calculate an
average fragmentation time frame for the fragment.
This special home-built detector assembly mimics the electrical grid and the
surface with their conductive holders. Section 2.2.3 of Chapter 2 provides a detailed
description of this detector assembly. To reiterate the main concept of this detector
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assembly, a micro channel plate (MCP) placed at the exact location and under the same
electrical fields as the SID surface functions to sense the arrival time of a mass selected
precursor ion with respect to the starting time for data acquisition. This provides the time
of the surface-impact event of the ion. A second MCP (“back MCP”) is placed
immediately after this front MCP plate in order to increase the gain to enhance the signalto-noise ratio. We call this detector assembly a “floating detector” because of several
reasons. First, the front of the front MCP is floating at high voltages (up to 9 kV) to
simulate the electrical field at the surface. Second, the back of the back MCP is not
electrically grounded as in a common detector-design, but floats at a voltage higher (by a
positive increment of about 1.5 -2.0 kV) than the front of the front MCP.
The precursor ion signals obtained using this home-built floating detector had a
time spread in the range of 50 - 60 ns (fwhm) for the mass range of 712 – 1554 Da.
Repeated measurements of TOF values for the same mass under the same conditions did
not show a detectable shift in the position of the signal. Figure 4.4 shows a floating
detector signal obtained for the protonated YGGFLR ion while Figure 4.5 is a plot of the
TOFsource-surface obtained with this home built floating detector with the front of the front
MCP floating at a voltage of 9.0 kV (to mimic the surface floating at 9.0 kV) plotted
against the square root of the mass of the parent ion. This plot has an R2 value of 0.9999
in agreement with the theory suggesting a good precision in the measurement.
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FIGURE 4.4. Floating detector signal obtained for protonated YGGFLR.
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FIGURE 4.5. Floating detector TOF measurements for the precursor ions at a surface
voltage of 9 kV plotted against the square root of the precursor mass. An R2 value of
0.9999 is obtained for this plot.
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4.1.4

Other modifications
The general construction of the surface assembly remains the same as shown in

section 2.2.2 in Chapter 2 and in our previously reported work78 with a few changes
effected. The metallic components including the grid holder and the surface holder are
now constructed with polished stainless steel (grade 304) instead of brass while the
insulating spacers are made of Macor. The geometry of the central aperture for the
passage of the ions is switched from a 20 x 20 mm square opening (Section 3.2, Chapter
3) to a 20 mm diameter circular opening. The grid is a 70 lines per inch Ni wire grid
(BMC Industries Inc., St Paul, MN) attached on to the surface of the grid holder that
faces the reflectron grid. The grid is attached to the stainless steel support (grid holder)
using a conductive silver paint. During SID operation, the grid is floated at 5.2 kV while
the surface voltage is changed according to the desired collision energy with respect to a
9.1 kV MALDI sample plate voltage.
It is important that the experiments reported in this chapter are carried out under
continuous extraction conditions at the MALDI source region without the delayed
extraction. As mentioned earlier, the voltage values for the sample plate, first extraction
plate and the einzel lens are 9.1 kV, 8.6 kV and 1.0 kV respectively (Figure 4.2, page
101). The second extraction plate that completes a dual stage extraction is electrically
grounded as in the original setup. The use of continuous extraction conditions at the
MALDI source region with the dual extraction DC field tuned for the best achievable
space focus at the surface (using the above voltages) provided a time width at half
maximum of about 50-60 ns for the precursor ions at the surface according to the floating
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detector measurements. The original delayed extraction was designed to provide a space
focus for the ions in front of the reflectron during the reflectron mode operation of the
instrument with limited flexibility to change the time delay so that it was not useful with
the SID mode. The continuous extraction fields at the source region made it simpler to
more accurately calculate the collision energy of the ions in terms of the voltage
difference between the source sample electrode and the surface without having to resort
to simulation approaches to estimate the collision energy in the presence of delayed
extraction.78

4.2

Kinetics of peptide dissociation in the modified MALDI TOF SID TOF
SID spectra are obtained with the modified instrument for protonated peptide ions

produced by MALDI. Except for the above described modifications, the reader is directed
to Chapter 3 and our previous work78, 111, 112 for details of the rest of the experimental
procedure and the simulation approach for the calculation of the average fragmentation
time frames. Additional calculations are employed in order to investigate if the nature of
the decay processes can be approximated with a unimolecular decay mechanism. Section
4.2.1 describes this treatment. We obtained SID spectra for the peptides in the molecular
mass range of 712 – 1554 Da. Figure 4.6 is a DTFT plot constructed simulating the
experimental conditions employed to obtain the SID spectrum for angiotensin III shown
in Figure 4.3 (b). Notice that the shape of the DTFT plots have less curvature and more
linearity in the simulated fragmentation time range of 0 – 500 ns when compared to our
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previous plots.78,

111

This is a result of the application of a simple DC dual stage

extraction gradient for the extraction of the surface scattered ions.
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FIGURE 4.6. Simulated detection time – fragmentation time plots for some fragments
observed for the peptide RVYIHPF at a collision energy of 70 eV with the modified DC
only electrical fields (see text).
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4.2.1

Nature of the observed decay process
In the average fragmentation time frame calculations reported in Chapter 3 and

elsewhere,78 it is assumed that the fragmentation process of the protonated parent ion
starts with the surface impact event as the starting “zero time”, yielding a protonated
fragment ion and a neutral moiety as a result. A general time frame for the fragmentation
event of the observed fragments can be estimated using the calculated average
fragmentation times. However, this approach does not necessarily assume that the decay
process follows a strict unimolecular decay mechanism as indicated by the equations 1.1
and 1.2 described in Chapter 1 (Section 1.5.1) and reproduced below for convenient
reference:
AB+ + surface

= AB+*

(1.1)

AB+*

= A+ + B

(1.2)

In this unimolecular decay kinetics, we assume that after a fast activation (> 1 ps)
of the ion AB+ during the residence time of the surface impact event,63 the activated
parent ion AB+* undergoes a unimolecular decay process to produce a fragment A+ and a
neutral moiety B in accordance with the following equations reproduced from section
1.5.1 of Chapter1:
Pf = e-kt

(1.4)

Ff = 1- e-kt

(1.5)

In equation 1.4, Pf denotes the fraction of the parent ion population remaining
after the time t with a decay process having a unimolecular rate constant k. Ff of equation
1.5 represents the fraction of fragment ions formed at time t with a decay process of rate
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constant k. As mentioned above, assuming an instantaneous activation process during
surface impact, the time t = 0 is assumed to be the moment of surface impact. When
considering processes obeying this unimolecular decay kinetics, it is of utmost
importance that the observation time frame of the instrument may allow only the
observation of processes having a rate constant large enough to fragment the precursor
ion during a certain time frame as mentioned several times before. For example, if the
protonated peptide having a molecular weight of 712 Da survives a time of flight of about
700 ns from the surface impact, it will undergo fragmentation in the field free drift region
of the instrument. The fragments will then have the same velocity as the parent ion not
allowing a TOF mass separation between the two ions. This limits the observation time
frame of the present instrument to a range of about 0 – 700 ns. In order to further
understand this concept in terms of unimolecular decay rate constants, plots of the
remaining parent ion population (Pf) vs time t (from surface impact) can be constructed
with different rate constants. Figure 4.7 shows such plots of Pf constructed using equation
1.4 listed above at different rate constants k and plotted vs time t. At a log rate constant
(log k) of 5, the fraction of parent that underwent unimolecular decay into a fragment is
less than 0.07 % at t = 700 ns indicating that processes with log k values around and
beyond this will not be observed in this instrument considering the non-optimal SID ion
extraction conditions. In contrast, a decay processe with log k = 6 shows more than 50%
decay and a decay processe with log k higher than 7 shows more than 99.99 % of the
decay before t = 700 ns indicating that the observation time frame is optimal for decay
processes with log k values of approximately 7 and higher than 7.
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FIGURE 4.7. The remaining fraction of the parent ion after undergoing unimolecular
decay into a fragment ion plotted against time.
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Calculations are performed in order to construct theoretical peak shapes for the
predicted fragment ion signals as a result of unimolecular decay processes having
different rate constants. These theoretical peak shapes are then compared with the
experimental peak shapes in order to investigate the likelihood of the agreement of the
process with a unimolecular decay mechanism. This calculation is performed in several
steps. First, using equation 1.5 discussed above, a theoretical fragment ion formation
curve for a particular unimolecular decay process with a particular rate constant k is
constructed against time t as demonstrated in Figure 4.8 (a), where a log k value of 7 is
used. Since in the TOF experiment the observed peak intensity at a particular time point
is proportional to the number of fragment ions formed at that particular time point, a
second curve is constructed from curve 4.8 (a) by calculating the amount of fragment
ions produced as a function of time, i.e., obtaining a first derivative of curve 4.8 (a) as
shown in curve 4.8 (b). In constructing theses curves, it is assumed that all the parent ions
arrive at the surface and leave the surface at the same time without any spatial or velocity
distribution. The effect of the electrical fields is also neglected. Incorporation of these
factors into the curve 4.8 (b) will be described in the subsequent steps of the calculation.
It is also assumed that competing multiple unimolecular or other decay channels are
absent during this unimolecular decay process. The time axis of both plots 4.8 (a) and (b)
has the surface impact time as the starting point for the time measurement. This starting
time is also the starting time for the assumed unimolecular decay process. Therefore, this
time axis is similar to the hypothetical fragmentation time axis employed in the
simulations described in Chapter 3, section 3.6 in order to construct simulated
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fragmentation time – detection time plots. Therefore, using the same simulation approach
for a certain parent fragment combination (Chapter 3, section 3.6) the time axis of a plot
represented by curve 4.8 (b) is converted to the detection time and the y value of the plot
(amount of fragment formed at small time periods) is deconvoluted into this plot (Curve
4.8 (c)). Curve 4.8 (c) still do not represent the experimental peak shape of the fragment
ion signal because, the fragment ion “packet” produced during this time span undergoes
several peak broadening processes and results in the peak shape

observed in the

experimental fragment ion signal. Therefore, in order to theoretically calculate the shape
of the final fragment ion signal peak, these peak broadening processes should be
considered and incorporated into the curve demonstrated in Figure 4.8 (c).
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FIGURE 4.8. (a) A theoretical plot showing the growth of the fragment ion population
for a log k value of 7. (b) A plot derived from plot (a) showing the fraction of fragment
ions formed at small time intervals. (c) Plot (b) after the time axis is converted into the
detection time using the simulation of detection times at different fragmentation times
(see text).
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The peak broadening processes that are considered to obtain theoretical peak shapes to
compare with experimental peak shapes include the following:
1.

Arrival time distribution of the parent ion at the surface

2.

Kinetic energy distribution of the surface-scattered ions

3.

Kinetic energy variations due to the fragmentation process

4.

Non-ideal electric field conditions

5.

Temporal response of the detector and the digitizer bandwidth
The arrival time distribution of the parent ion packet at the surface is a result of

several different processes including the parameters at the MALDI ion source such as the
laser fluence, laser pulse width, location of ion formation etc that contribute to velocity
and spatial distributions of the MALDI generated ion packet. Other factors contributing
to this may include non-homogeneous electrical fields and the divergences due to
electrical grids. The floating detector described in section 4.1.3 is capable of measuring
the parent ion peak at the location of the surface. Therefore, the arrival distribution of the
parent ion packet at the surface is approximated by these experimental floating detector
measurements for a particular parent ion. Using theoretical Gaussian distributions that
match the best with the experimental floating detector-measured parent ion peak, this
arrival distribution is reconstructed. Plot (d) shown in Figure 4.9 demonstrates such a
distribution obtained from the experimental plot for the protonated YGGFLR ion shown
in Figure 4.4.
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FIGURE 4.9. A figure demonstrating the steps of the incorporation of the two main
factors for peak broadening. The incorporation of the arrival time distribution at the
surface (d) to the plot illustrating the fragment formation as a function of time (c) yields
the plot (e). In the next step, the velocity/kinetic energy distribution as reflected by the
arrival time distribution at the detector (f) of the surface-scattered ions is incorporated to
plot (e) to obtain plot (g) (see text).
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This arrival distribution is deconvoluted at each time point of the plot 4.9 (c)
(same plot as in Figure 4.8 (c)) in order to obtain plot (e) shown in Figure 4.9. Plot (e) of
Figure 4.9 can be described as a simulated peak for the fragment ion signal that is formed
with a particular rate constant (as used in constructing the plots) from a parent ion packet
having a certain arrival time distribution at the surface (as measured from the floating
detector described in section 4.1.3).The kinetic energy distributions of the ions scattered
from the surface cause another arrival time distribution for the ions at the detector. For
the surface scattered peptide ions, maximum kinetic energies are in the range of about 20
% of the collision energy. Therefore, for the collision energies employed in these
experiments, the distributions of these surface-scattered kinetic energies do not contribute
a significant amount under the very high DC extraction fields used (3200 V/cm).
However, a reasonable small Gaussian distribution for the velocities of the surface
scattered ions is assumed in order to calculate a simulated arrival time distribution at the
detector caused by this factor. For example, for a collision energy of 60 eV, a maximum
value of kinetic energy is about 15 eV that gives an average value for a kinetic energy
distribution Gaussian of about 7.5 eV. A standard deviation of about 20 % of this value is
assumed for the Gaussian curve. An arrival time distribution using this kinetic energy
distribution is calculated using the same simulation approach as described earlier
(Chapter 3, section 3.6). This arrival time distribution (as shown in plot f, Figure 4.9)is
then incorporated into the plot (e) shown in Figure 4.9 to obtain another theoretical
fragment signal peak as shown in plot (g) of figure 4.9.
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In these calculations, the two contributions to the peak width, namely, the arrival
time distribution at the surface (that incorporates the initial velocity and spatial
distributions of the MALDI produced ions, contributions from non-ideal electric fields
during the source-to-surface flight time etc.) and the arrival time distribution due to
kinetic energy distribution of the surface-scattered ions are assumed to be the major
sources for the peak broadening. Other factors are thought to be in a range that is within
the error margin of the experiment and are considered to be in the range of about 3 ns.
For example, the kinetic energy releases due to the fragmentation process are in the meV
range113, which, under the large extraction fields employed, is calculated to cause an
arrival time distribution < 2 ns at the detector. The temporal response of the MCP
detector depends on the response curve for a single ion event that typically has a full
width at half maximum of less than 2 ns113. The band width of the digitizer (Bruker, 1
GHz) limits the resolution to a similar value. Therefore, these factors altogether defines a
resolution and an error margin of about 2 – 3 ns for the experiment.
Using the unimolecular decay assumptions and calculations discussed above, the
theoretical peak shapes for the Y ion resulting from a 60 eV collision of the protonated
YGGFLR are calculated for different unimolecular decay rates. Figure 4.10 is obtained
for the peak shapes for the Y ion signal assuming that there are no peak broadening
processes involved. In other words, the incorporation of the peak broadening effects as
shown in Figure 4.9 is not performed. Figure 4.11 demonstrates the same plots with the
peak broadening processes that are simulated using Gaussian functions (Figure 4.9)
incorporated. The general trend of obtaining narrower theoretical peaks with no peak
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broadening effects is clear from Figures 4.10 and 4.11. During these theoretical peak
shape calculations, the obtained peaks are always normalized to the maximum intensity
obtained over the time frame of interest in order to look at the peak shape even if the low
intensity may not allow the detection of these peaks during the SID experiment.

Predicted Normalized Intensity
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FIGURE 4.10. Theoretically calculated peak shapes for the assumed unimolecular decay
process of protonated YGGFLR peptide fragmenting into Y immonium ion at different
rate constants assuming no peak broadening mechanisms. The peak intensities are
normalized to the maximum intensity over the time window of calculation.
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FIGURE 4.11. Theoretically calculated peak shapes for the assumed unimolecular decay
process of protonated YGGFLR peptide fragmenting into Y immonium ion at different
rate constants with peak broadening processes incorporated as shown in Figure 4.9. The
peak intensities are normalized to the maximum intensity over the time window of
calculation.
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Figure 4.12 demonstrates the comparison of experimental peak shapes and theoretical
peak shapes calculated as shown in Figure 4.11 (with peak broadening processes
considered) using the method and unimolecular-decay assumptions described above for
the process of formation of a Y ion from the protonated peptide YGGFLR at 60 eV
collision energy.
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FIGURE 4.12. Comparing theoretically calculated peak shapes for the assumed
unimolecular decay process of protonated YGGFLR peptide fragmenting into Y
immonium ion at different rate constants with the experimental peak shape of the Y
immonium ion signal.
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As shown in Figure 4.12, the best matching theoretical peak shape to the
experimental peak shape for the Y fragment ion signal is obtained at a unimolecular
decay rate with a log k = 7.3. The theoretical peak shape at log k = 6 is too broad and
does not match while the theoretical peak shape at log k = 8 is too narrow. From these
assumptions and calculations, a time window to see the majority of the fragment ions
with a log rate constant of 7.3 falls in the range of 100 – 300 ns after the surface impact
event, in agreement with the results of the arrival and detection-time-arrival-time plot
method (DTFT method) described earlier78. Therefore, the peak shape comparisons
assuming a pure unimolecular decay process result in a rate constant yielding a
fragmentation time frame similar to the one calculated using the DTFT method. It should
also be mentioned that asymmetric peak shapes similar to the above peak shapes were
reported for the unimolecular decay processes occurring in the acceleration region prior
to the TOF analysis for small molecule studies114. These facts suggest that the decay
process may be approximated by a unimolecular decay process initiated after the rapid
energy transfer process during the surface impact event. The average fragmentation
calculations may be providing an estimate of the rate of the process as discussed earlier
and may be incorporating the non-ideal unimolecular decay natures of the process as
well. For example, after the rapid energy transfer process, chemical processes such as
translation of a mobile proton may be involved in order to bring the molecule into a
reactive form (Chapter 1, section 1.5.3). In this case, an induction step may be preceding
the pure unimolecular decay mechanism and may cause differences between the
experimental peak shape and the above calculated theoretical peak shape. However, the
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agreement between the results of the both approaches indicates that the real process may
still be approximated by a pure unimolecular decay process.

4.2.2

Average fragmentation times for peptide fragments
Following our previous work and the DTFT plot method78, we calculated average

fragmentation times (AFTs) for the observed peptide fragments for different peptides at
different collision energies. It should be noticed that in this method of estimating a
general fragmentation time frame, a one-step parallel fragmentation mechanism is used as
an initial assumption although as discussed later, possibility of sequential fragmentation
mechanisms will be deduced from theses results. Table 4.1 lists the average
fragmentation times calculated at different collision energies. In Table 4.1, the lowest
collision energy at which the highest number of fragments is identified is listed first
followed by three common collision energies, namely 80 eV, 120 eV and 160 eV. Figure
4.13 shows the average fragmentation times for the peptides shown in Table 4.1 plotted
as a function of the collision energy.
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YGGFLR (MH+ = 712.83 Da)
FRAGMENTS
FRAGMENTATION TIMES
(ns)
Type Mass,
60
80
120
160
Da
eV
eV
eV
eV
R
70.07
154
140
117
110
L
86.10
156
135
118
105
F
120.08
137
115
106
89
Y
136.08
127
119
100
89
y1
175.21
130
107
92
56
a2
193.23
126
115
92
b2
b3

221.24
278.29

111
99

102
95

86

PPGFSPFR (MH+ = 905.05 Da)
FRAGMENTS
FRAGMENTATION TIMES
(ns)
Type Mass,
60
80
120
160
Da
eV
eV
eV
eV
S
60.04
145
142
123
104
R/P
70.07
145
130
126
115
R
87.09
139
116
110
105
R
100.09
100
89
85
72
F
120.08
141
121
115
98
PG127.17
132
112
107
93
28
SP157.19
127
101
28
y1
175.21
109
99
GF177.23
128
98
28
SP
185.20
118
98

ASHLGLAR (MH+ = 824.96 Da)
FRAGMENTS
FRAGMENTATION TIMES
(ns)
Type Mass,
70
80
120
160
Da
eV
eV
eV
eV
A
44.00
171
168
155
139
S
60.04
155
154
143
125
R
87.09
143
139
125
110
H
110.07
144
143
128
117
a2
131.16
138
136
127
LG 143.21
152
136
28
b2
159.17
136
131
y1
175.21
132
SH 197.22
131
128
28
SH
225.23
121
118
112
b3 278.29
123
H2O
b3
296.31
112
RPPGFSPF (MH+ = 905.05 Da)
FRAGMENTS
FRAGMENTATION TIMES
(ns)
Type Mass,
60
80
120
160
Da
eV
eV
eV
eV
S
60.04
164
158
129
101
R/P
70.07
147
139
136
103
R
87.09
140
129
126
101
R
100.09
82
75
64
52
R
112.09
129
123
114
PG127.17
130
126
116
28
SP157.19
114
107
28

TABLE 4.1. Fragmentation times obtained for different peptides at different collision
energies.
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RVYIHPF (MH+ = 932.12 Da)
FRAGMENTS
FRAGMENTATION TIMES
(ns)
Type Mass, Da 70
80
120
160
eV
eV
eV
eV
R
70.07
154
151
143
134
I
86.10
158
145
138
122
R
100.09
143
129
122
92
H
110.07
155
143
133
113
Y
136.08
139
130
124
118
a2211.29
142
126
114
NH3
a2
228.32
125
109
99
b2
256.33
118
96
a3NH3
a3

374.47

116

106

391.50

110

90

P14R (MH+ = 1534.86 Da)
FRAGMENTS
FRAGMENTATION TIMES
(ns)
Type Mass, Da 70
80
120
160
eV
eV
eV
eV
Por R 70.07
213
186
173
161
R
100.09
183
144
126
117
P
126.06
181
164
149
124
b2
195.24
172
152
139
126
b3
292.36
162
146
119
y3
369.45
139
99
76
b4
389.48
140
133
112
y4
466.56
128
93
b5
486.60
131
125
y5
563.68
124
y6
660.80
114
y7
757.92
114
y8
855.03
110
y9
952.15
126
y10
1049.27
113
y11
1146.39
93
y12
1243.50
169
y13
1340.62
189

TABLE 4.1. Continued.

LMYPTYLK (MH+ = 1029.29 Da)
FRAGMENTS
FRAGMENTATION TIMES
(ns)
Type
Mass,
60
80
120
160
Da
eV
eV
eV
eV
P
70.07
175
134
121
101
L
86.10
142
126
115
98
M
104.05
162
123
109
85
Y
136.08
142
113
99
79
a2
217.36
115
102
86
b2
245.37
108
92
y2
MY28
MYP28
b3
y3
y5
y6

260.36
267.37

121
144

364.49

137

408.54
423.54
621.76
784.94

103
117
81
32

78

Fibrinopeptide A (MH+ = 1537.59 Da)
FRAGMENTS
FRAGMENTATION TIMES
(ns)
Type
Mass,
80
120
160
Da
eV
eV
eV
A
44.00
173
143
117
S
60.04
177
129
105
V
72.08
145
126
110
R
87.09
138
112
98
E
102.06
149
133
98
F
120.08
137
114
87
a2
159.17
131
108
87
y1
175.21
112
77
64
b2
187.18
120
93
74
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YGGFLR
220

R (70 Da)
L (86 Da)
F (120 Da)
Y (136 Da)
y1 (175 Da)
a2 (193 Da)
b2 (221 Da)
b3 (278 Da)

200
180
160
140
120
100
80
60
40
20
60

80

100

120

140

160

ASHLGLAR
220

A (44 Da)
S (60 Da)
R (87 Da)
H (110 Da)
a2 (131 Da)
LG-28 (143 Da)
b2 (159 Da)
y1 (175 Da)
SH-28 (197 Da)
SH (225 Da)
b3-H2O (278 Da)
b3 (296 Da)

200
180
160
140
120
100
80
60
40
20
60

80

100

120

140

160

PPGFSPFR

220

S (60 Da)
R (70 Da)
R (87 Da)
R (100 Da)
F (120 Da)
PG-28 (127 Da)
SP-28 (157 Da)
y1(175 Da)
GF-28 (177 Da)
SP (185 Da)

200
180
160
140
120
100
80
60
40
20
60

80

100

120

140

160

FIGURE 4.13. Fragmentation times for different peptide fragments as a function of the
employed collision energy. x axis is collision energy in eV; y axis is the average
fragmentation time in ns.
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RPPGFSPF
220

R (70 Da)
R (87 Da)
R (100 Da)
R (112 Da)
PG-28 (127 Da)
SP-28 (157 Da)

200
180
160
140
120
100
80
60
40
20
60

80

100

120

140

160

RVYIHPF
220

R (70 Da)
I (86 Da)
R (100 Da)
H (110 Da)
Y (136 Da)
a2-NH3 (211 Da)
a2 (228 Da)
b2 (256 Da)
a3-NH3 (374 Da)
a3 (391 Da)

200
180
160
140
120
100
80
60
40
20
60

80

100

120

140

160

LMYPTYLK

220

P (70 Da)
y6(785 Da)
L (86 Da)
M (104 Da)
Y (136 Da)
a2 (217 Da)
b2 (245 Da)
y2 (260 Da)
MY-28 (267 Da)
MYP-28 (364 Da)
b3(408 Da)
y3(423 Da)
y5(622 Da)

200
180
160
140
120
100
80
60
40
20
60

80

100

120

140

160

FIGURE 4.13. Continued. x axis = collision energy (eV), y axis = average fragmentation
time (ns).
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P14R
220
200
180
160
140
120
100
80
60
40
20
60

80

100

120

140

160

P or R (70 Da)
R (100 Da)
P (126 Da)
b2 (195 Da)
b3 (292 Da)
y3 (369 Da)
b4 (389 Da)
y4 (466 Da)
b5 (487 Da)
y5(564 Da)
y6(661 Da)
y7(758 Da)

y8(855 Da)
y9(952 Da)
y10(1049 Da)
y11(1146 Da)
y12(1243 Da)
y13(1341 Da)

Fibrinopeptide A
220

A (44 Da)
S (60 Da)
V (72 Da)
R (87 Da)
E (102 Da)
F (120 Da)
a2 (159 Da)
y1 (175 Da)
b2 (187 Da)

200
180
160
140
120
100
80
60
40
20
60

80

100

120

140

160

FIGURE 4.13. Continued. x axis = collision energy (eV), y axis = average fragmentation
time (ns).
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The results in Table 4.1 illustrate that the average fragmentation times obtained
after the modifications to improve the accuracy are still in a similar range as reported
previously78 spanning 70 – 200 ns for collision energies of about 60 – 70 eV for the
studied peptides. The dependency of the average fragmentation time for a particular
fragment on the collision energy is depicted by the data plotted in Figure 4.13. The
fragmentation time always decreases with increasing collision energy. As an example, for
the fragments R (70 Da) and y1 of the peptide YGGFLR (175 Da) the fragmentation
times are 154 ns and 110 ns at 60 eV and 130 ns and 56 ns at 160 eV respectively. This
indicate for R (70 Da) and y1 (175 Da) a drop of 44 ns and 84 ns respectively in the
fragmentation time due to a positive increment of 100 eV in the collision energy. The
consistent trend of observing shorter fragmentation times at higher collision energies is in
agreement with a unimolecular decay process with increasing rate at a higher input
energy in contrast to a shattering mechanism taking place during the surface impact event
as described in detail in Chapter 1, Section 1.5.2. Also, the simulations indicated
fragmentation processes taking place 1- 2 mm away from the surface in good agreement
with our previous work78 even with the modifications to the extraction conditions. These
observations are further evidence for our suggestion of a fast unimolecular decay
mechanism for the fast peptide fragmentation channels with a rate constant in the range
of 106 – 107 s-1.
Since each peptide yields fragments that differ in composition and mass it is
difficult to compare the AFTs on a peptide to peptide basis. Anyway, some immonium
ions are common

to several peptides and may be used in order to perform such a
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comparison. Table 4.2 lists such AFT values for common immonium ions for different
peptides. Figure 4.14 demonstrates plots of these AFT values against the molecular mass
of the precursor ion. In this figure, parent mass 905.05 Da is represented by data obtained
for des R 9 bradykinin instead of des R 1 bradykinin (except for data for fragment F
identified in des R 1 bradykinin) that has the same mass. The fragment of mass 70 Da is
difficult to assign to either ions resulting from R or P that has the same mass for the
peptides containing both R and P. Therefore, this fragment is listed and plotted as one
type of fragment although there could be differences in AFTs induced by the chemical
nature. Figure 4.14 suggests a general trend of increasing AFT with increasing molecular
mass for the fragments although few data points do not agree. Although a difference in
the range of ± 5 ns could be due to the random error associated with the method, the
disagreements are specially significant for the peptides des R 1 bradykinin (See Table
4.2), des R 9 bradykinin and LMYPTYLK. Possible other effects arising from the
differences in the peptide composition that may lead to some of these disagreements will
be discussed later in this section. The general trend of increasing AFT with increasing
molecular weight is expected for a unimolecular decay process with RRKM type of
kinetics where the time for the intramolecular vibrational energy transfer increases with
an increase in the number of degrees of freedom (Section 1.5.1, Chapter 1).

136

Peptide

YGGFLR
ASHLGLAR
desR1bradykinin
desR9bradykinin
RVYIHPF
LMYPTYLK
P14R
FibrinopeptideA
FibrinopeptideB

Mass
(Da)
712.83
824.96
905.05
905.05
932.12
1029.29
1534.86
1537.59
1553.59

Average Fragmentaion Times For Fragments (ns)
A
(44)

S
(60)

168

154
142
158

173

177

R/P
(70)
140
130
139
151
134
186

L
(86)
135

R
(87)
139
116
129

R
(100)

H
(110)

F
(120)
115

143
89
75
129

121
143

130
113

126
138
143

Y
(136)
119

144

137
158

TABLE 4.2. Average fragmentation times for some common fragment ions for different
peptides. For each of the fragments, mass in Da is indicated in parentheses.
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Average Fragmentation Time (ns)

200

A (44 Da)
S (60 Da)
R or P (70 Da)
L (86 Da)
R (87 Da)
R (100 Da)
H (110 Da)
F (120 Da)
Y (136 Da)

180
160
140
120
100
80
60
600

800

1000

1200

1400

1600

Molecular mass (Da)

FIGURE 4.14. Average fragmentation times of common immonium ions plotted against
the molecular mass of the precursor ion at a collision energy of 80 eV.
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It was also observed that the collision energy threshold needed to obtain an SID
spectrum where the signal-to-noise ratio allows the unambiguous identification of the
fragment ions differ for different peptides under the DC only extraction conditions and
the extraction ion optics employed. This is mainly due to the inefficient extraction of the
low abundance of fragment ion information produced at collision energies lower than this
threshold. This threshold is about 60 -70 eV for most peptides while protonated
fibrinopeptide A (1538 Da) needed a threshold of about 80 eV in agreement with slower
decay processes occurring due to the increased number of degrees of freedom. Anyway,
exceptions from this behavior includes the protonated peptide P14R (1537 Da) with a
similar mass to fibrinopeptide A showing fragment ion information with an almost
complete y ion series at about 70 eV as discussed later.
The deviations of the fragment AFTs from the trend of increasing with increasing
number of degrees of freedom may be explained as the effect of the peptide composition
on the fragmentation kinetics. For example, the peptide LMYPTYLK showed lower than
expected AFTs for the common fragments as indicated in Figure 4.14. A careful
inspection of the general range of the AFTs reported in Table 4.1 for the three peptides
RVYIHPF, LMYPTYLK and P14R at the three common collision energies 80 eV, 120
eV and 160 eV further reveals the trend of LMYPTYLK having shorter than expected
AFTs. These observations can be explained using the “mobile proton model” for peptide
fragmentation.73-75 For the details of the mobile proton model, the reader is directed to the
Section 1.5.3, Chapter 1. The most basic peptide amino acid residue in LMYPTYLK is K
while the other peptides studied have R as the most basic residue. R has a higher gas
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phase basicity than K and thus holds the ionizing proton stronger than K.74 For a singly
protonated peptide containing a single R, the proton sequestered at R creates a higher
energy barrier for the proton to be mobile along the peptide backbone to induce
fragmentation than that of a singly protonated peptide containing a single K as the most
basic residue. Therefore, a relatively more “mobile” proton that is available for charge
directed fragmentation explains the chemical facilitation for the decay of protonated
LMYPTYLK with respect to other R containing peptides.
In addition, LMYPTYLK shows fragment ions as large as y5 (622 Da) and y6
(785 Da) at a collision energy of 60 eV while most of the peptides show fragments
having masses below 400 Da. In a similar observation for the peptide P14R that contains
14 P residues and a single R residue at the C-terminus, a consecutive series of y ions
(Table 4.1) is observed with AFTs as short as 88 ns for y12 (1243 Da) at a threshold
collision energy of about 70 eV. For LMYPTYLK the above observation may be
explained using the mobile proton model as a more available mobile proton can facilitate
the fragmentation processes that are normally slow. For P14R, this cannot be explained
as a simple consequence of the mobile proton model since the peptide ion is singly
protonated and contains a single R residue at the C-terminus suggesting the same trend
expected for peptides such as YGGFLR and ASHLGLAR. Effects of the composition of
P14R that may have led to this special fragmentation behavior of P14R will be discussed
later (section 4.2.7).
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4.2.3

Surface-shattering vs unimolecular decay mechanisms
The discussions in sections 4.2.1 and 4.2.2 provide evidence for a

submicrosecond unimolecular decay process for the fast fragmentation channels of
peptides, in contrast to a surface-shattering mechanism. This can further be explained
using the internal energy dependency of the unimolecular decay rate constant. Figure
4.15 demonstrates generally expected profiles of the log value of the rate constant k
against the internal energy deposited during the activation process. Curve (a) is for an
example unimolecular decay process that is in agreement with RRKM kinetics.64 Notice
the gradual increase in the log k value with increasing internal energy until a plateau
region is reached at higher internal energy values. Consequently, the curve initially shows
a rapid increase in the log k value (positive first and second derivative) followed by a
region reaching the plateau (negative second derivative). The threshold energy required
to initiate the fragmentaion process is called the critical energy. This is indicated in
Figure 4.15, for curve (a). Although the fragmentation process is initiated by the critical
energy, for the ions to be observable in an instrument with a specific observation time
frame, the rate has to reach a threshold value to produce a sufficient abundance of
fragments. This threshold rate is reached at a specific internal energy value. The
difference between the critical energy and this observation threshold for internal energy is
termed the “kinetic shift” of the instrument.64 In contrast to this unimolecular decay
curve, curve (b) is an expected curve for a shattering event where the log k is a step
function depending only on a critical energy threshold. In order to investigate how our
calculations compare with these general concepts, a quantity to represent the variation in
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log rate is obtained by calculating the log value of the inverse average fragmentation time
for a particular fragment. Since the deposited internal energy is shown to be proportional
to the lab framework collision energy for SID,60 the collision energy is utilized as the
independent variable to represent the internal energy. Figure 4.16 is the resulting plots of
log (1/AFT) vs collision energy for the fragments of protonated YGGFLR (plot (a)) and
protonated LMYPTYLK (plot (b)). It is clear that the variation of the rate with collision
energy does not follow the pattern expected for the shattering mechanism but instead,
resembles the area of the unimolecular decay curve (Figure 4.15 (a)) where the curve is
reaching a plateau. This also implies that the kinetic shift of the instrument allow the
observation of the peptide SID fragments close to the plateau region of the log k vs
internal energy plot when the rate constant reached an estimated value in the range of 106
– 107 s-1.
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12
(b) Shattering

11
10
9

(a) Unimolecular
Decay

8

Log k

7
6
5
Observation
Threshold

4
3
2

Critical
Energy

1
0
0
Kinetic Shift

5

10

15

20

25

30

35

Internal Energy (eV)

FIGURE 4.15. General plots showing the variation of the log value of rate constant k
with respect to the internal energy for a unimolecular decay process (a) and a surfaceshattering mechanism (b).

log(1/Average Fragmentation Time)
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7.3
R
L
F
Y
y1
a2
b2
b3

(a) YGGFLR

7.2
7.1
7.0
6.9
6.8
6.7

log(1/Average Fragmentation Time)

60

7.3

80

100

120

140

160

Collision Energy (eV)

7.2

p
L
M
Y
a2
b2

(b) LMYPTYLK

7.1
7.0
6.9
6.8
6.7
60

80

100

120

140

160

Collision Energy (eV)

FIGURE 4.16. The log value of the inverse average fragmentation time plotted against
the collision energy for the SID fragments of the peptides YGGFLR (a) and
LMYPTYLK (b).
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4.2.4

Sequential fragmentation times
Another important observation evident in Figure 4.13 is the consistent trend of

obtaining shorter fragmentation times for larger fragments than the fragmentation times
of the smaller fragments that are likely to be the result of a sequential fragmentation
processes from the larger fragment. This is the expected trend for such a sequential
fragmentation process. When this trend is observed, using the same simulation approach
applied for the above AFT calculations, it is possible to calculate a sequential
fragmentation time for the smaller fragment, starting from the initial parameters of the
larger fragment for a likely sequential decay process.

In this approach, the initial

parameters such as the location, kinetic energy and velocity for the larger fragment is
derived from another simulation where the larger fragment resulted from a fragment
larger than it or from the intact precursor ion. However, this simulation is not possible
when the smaller fragment has a shorter average fragmentation time than the larger
fragment. In that case, the possibility of a sequential process that directly yields the
smaller fragment from the larger one can be ruled out. This may indicate a non-sequential
(eg: a parallel mechanism where the decay to both small and large fragments takes place
from a common mass) fragmentation process. It should also be mentioned that a shorter
fragmentation time for the larger fragment does not necessarily mean a sequential process
to yield the smaller fragment because a parallel mechanism can also display the same
trend.
For the possible sequential processes, sequential fragmentation times (SFTs) are
calculated to test the validity of this concept in our method and to obtain possible SFTs.
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The fragmentation processes that are likely to be sequential are first checked using the
AFT data. We always observed shorter AFTs for the larger fragments for the sequential
processes that are known or likely to be possible. These include the sequential processes
such as the production of an a ion from a b ion following the loss of a CO unit115 and loss
of small molecules such as water and ammonia from ions such as a, b ions. Table 4.3
shows the results of some SFT calculations performed for likely sequential processes. In
each of the SFT data containing rows of Table 4.3, The fragment shown first is assumed
to form first from the precursor ion to decay into the next shown smaller fragment. For
example, as shown in Table 4.3, for the peptide YGGFLR, if b2 is assumed to be formed
in one step from the precursor ion to yield a2 in the second step, the SFTs at 60 eV are
111 ns and 63 ns respectively for b2 and a2. If b2 is assumed to be a sequential product
from b3 (that in turn is produced by the precursor ion), the SFTs at 60 eV are 99 ns, 36 ns
and 37 ns for b3, b2 and a2 respectively. Notice the decrease of the SFT with the
assumption of an additional sequential step upstream of the decay process.
Similar SFT values obtained for other peptides as shown in Table 4.3 are in good
agreement with the sequential process resulting from the loss of CO from b ion to yield
an a ion (a2, b2 pairs for YGGFLR, ASHLGLAR, LMYPTYLK, RVYIHPF, and
Fibrinopeptide A). When higher b ions are present, the data are in agreement with a
sequential formation of b ions (b2 and b3 of YGFLR, ASHLGLAR, LMYPTYLK; b5, b4,
b3 and b2 of P14R). Sequential fragments formed by the loss of small units (SH, SH-28
and b3, b3-H2O of ASHLGLAR, SP, SP-28 of des R 1 bradykinin, a2, a2-NH3 and a3, a3NH3 of RVYIHPF) were also successfully modeled to obtain SFTs (Table 4.3). SFT
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values as small as 12 ns are obtained assuming a sequential formation of b2 in P14R
starting from b5. Notice also the decreasing trend of the SFT values with increasing
collision energy, as expected.
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Peptide

Collision
Energy, eV

YGGFLR
60
80
120
60
80
ASHLGLAR
70
80
70
70
70
80
PPGFSPFR
60
80
RVYIHPF
70
80
70
80
LMYPTYLK
60
80
60
60
60
P14R
70
80
Fibrinopeptide A
80
120
160

Starting
Fragment
b2
111
102
86
b3
99
95
b2
136
131
b3
112
b3
112
SH
121
118
SP
118
98
a3
110
90
b2
118
96
b2
108
92
b3
103
y6
32
y3
117
b5
131
125
b2
120
93
74

Sequential Fragmentation times (ns)
Sequential Fragments
a2
63
58
27
b2
36
25
a2
28
20
b2
38
b3-H2O
83
SH-28
46
48
SP-28
35
15
a3-NH3
52
50
a2
42
40
a2
42
43
b2
21
y5
79
y2
13
b4
35
31
a2
61
56
47

a2
37
32

a2
21

a2-NH3
62
58

a2
16

b3
27
22

b2
17
12

TABLE 4.3. Sequential fragmentation times calculated for the known and likely
sequential processes for the fragments present in the SID spectra.
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The possibility of sequential formation of y ions is also investigated by
successfully calculating SFTs for y ions of LMYPTYLK. However, the calculation of
SFT from y5 to y3 was not successful and resulted in a negative value. This could be
rationalized if the formation of y3 from y5 takes place via a y4 ion although we were not
able to identify a y4 ion with the experimental signal-to-noise ratios involved.
Calculation of SFT values for the y ions of P14R was not successful due to unexpected
differences in the AFT values (Table 4.1). This could be due to a possible parallel
fragmentation process for the formation of y ions for P14R. The implications of this
observation in the fragmentation mechanism for P14R are further discussed in the section
4.2.7.

4.2.5

Formation of b, y and a ions
An important observation is the different rates suggested by the average

fragmentation times for the y ions than b ions in complementary b and y ion pairs. Both b
and y ions are formed as a result of the dissociation at the peptide bonds in the peptide
backbone75 while the formation of the complementary b and y ion pairs involves the
dissociation at the same peptide bond. For example in LMYPTYLK, the complementary
pairs present are b2, y6, and b3, y5. Although the same peptide bond should break in order
to produce these complementary ions, the formation of a b or y ion is determined by the
terminal of the peptide where the charge resides at the end of the decay process. When
the charge is in the N-terminal side a b ion is formed while for the formation of a y ion,
charge should reside at the C-terminus. For LMYPTYLK, y ions are more likely because
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the basic K residue at the C-terminus can help localizing the proton. If the breaking of the
same peptide bond results in b and y ion pairs with the involvement of the same
mechanistic steps with the proton randomly migrating to either side, the same rate should
be observed for the formation of the two ions. The average fragmentation data in Table
4.1 suggests that for the complementary b, y pairs, y ion formation is faster than that for b
ions for this peptide. The same trend is evident in the case of P14R for the
complementary pairs b4, y11, and b5, y10 while the complementary pairs b2, y13 and b3, y12
shows the opposite trend. The different rates for the complementary b and y ion pairs can
be rationalized if the formation of b ions and y ions take place via different mechanisms.
The formation of b ions for singly protonated peptides can be explained using the
arguments of the mobile proton model.75 This is shown in the Scheme 4.1. The “mobile
proton” translated to the carbonyl group of a specific peptide bond can cause the carbon
atom of this carbonyl more electropositive. In Scheme 4.1, structure (a), the mobile
proton is associated with the oxygen atom of the carbonyl group of the second amino acid
residue from the N-terminal side. Each of the R group indicates a side chain of the amino
acid attached to the alpha-carbon. The electropositive nature of the carbon atom of the
protonated carbonyl group can initiate a nucleophilic attack on this carbon atom by the
oxygen of the carbonyl group of the adjacent N-terminal amino acid residue. Scheme 4.1
shows how such an attack can lead to the formation of a b2 ion (structure (b)). The b ion
thus formed (structure (b)) has a stable five-membered ring protonated oxazolone
structure.115,

116

This process is accompanied by the elimination of neutral peptides or

amino acids from the C-terminal side. In the case of b2 ion formation from the protonated
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tetrapeptide in Scheme 4.1(structure (a)), a neutral dipeptide is eliminated from the Cterminal side (structure (c)). The experimental observation of the elimination of neutral
peptides and or amino acids by neutral fragment reionization mass spectrometry when b
ions are observed in the MS/MS spectra provide evidence for the above described
mechanistic pathway for the formation of b ions.117-119
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N H
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(a)

(b)

(c)

SCHEME 4.1. Formation of a b2 ion with a stable oxazolone structure (b) from a
protonated peptide containing four amino acid residues (a) with the elimination of a
neutral dipeptide (c) from the C-terminal side.
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The y ion formation, although involves the dissociation of the same peptide bond
as for the b ion formation, requires the transfer of a proton from the N-terminal side of
the peptide which may be achieved by the formation of an intermediate ion-molecule
complex.119 H/D exchange120, 121 and deuterium labeling experiments121 showed that the
proton transfer to the C-terminal side during the y ion formation is the result of a
rearrangement of a hydrogen attached to an N-terminal side nitrogen, not to the alphacarbon of the N-terminal side residue adjacent to the dissociating peptide bond. The
neutral fragments eliminated during this process are studied in neutral fragment
reionization experiments, and are in agreement with this mechanism.117, 119 Scheme 4.2
illustrates the formation of a y1 ion (structure (c)) from the tripeptide (a) accompanied by
the elimination of a neutral fragment having a aziridinone structure (b) as suggested by
the neutral fragment reionization studies.117, 119
It is evident from the above discussion that the formation of b and y ions occurs
via different mechanistic pathways although the dissociation of the same peptide bond is
involved when complementary b and y ions are produced. Therefore, the observed time
frame differences for the formation of complementary y and b ion pairs can be justified.
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SCHEME 4.2. Formation of a y1 ion (c) from a dipeptide (a) yielding a neutral
aziridinone fragment (b). The two additional hydrogens acquired by the N atom of the y1
ion originate from the mobile proton and the hydrogen attached to the N terminal of the
second amino acid residue from the N-terminal side of peptide (a).
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The formation of a ions from b ions is a known sequential process that is in
agreement with the average and sequential fragmentation times discussed previously.
Scheme 4.3 illustrates a mechanism for this sequential process, starting from the
formation of a b2 ion from the precursor ion with four amino acid residues as discussed in
Scheme 4.1. The stable oxazolone ring structure of the b2 ion (Scheme 4.3, structure (b))
can undergo ring opening to produce an acyclic acylium ion (d) although the oxaxolone
form is more stable than the acylium isomer for the b ions of peptides as shown by the
studies of Harrison and co-workers.115, 122 The acylium ion isomer can be considered as
the higher energy reacting configuration that eliminates a carbon monoxide molecule in
an exothermic reaction to generate an a2 ion (e) that is more stable than the b2 acylium
ion isomer (d). For instance, according to the ab initio calculations and experimental
kinetic energy measurements performed by Harrison et al for the simplest b2 ion,
[H(C=O)NHCH2CO]+, the acylium isomer is 1.49 eV higher in energy than the
oxazolone isomer and 0.88 eV higher in energy than the end products H(C=O)NH+=CH2
+ CO.115, 122
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SCHEME 4.3. Formation of an a2 ion (e) from the b2 ion (b) produced by the tetrapeptide
(a). The oxazolone structure of the b2 ion (b) forms an acylium ion (d) that eliminates a
CO unit producing the a2 ion (e).
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The fragmentation times calculated (AFTs and SFTs) indicated a possible
sequential decay mechanism for the formation of smaller b ions from larger b ions. This
process is also experimentally observed and explained by Harrison and co-workers.122 A
mechanism for the sequential formation of smaller b ions from bigger b ions with stable
oxazolone ring configuration is shown in Scheme 4.4. Computational studies have shown
that the N-terminal side carbonyl group adjacent to the oxazolone ring is close to the
charge site of the five-membered ring suggesting a neucleophilic attack on the charge site
by the oxygen of this carbonyl as depicted in Scheme 4.4 (a) producing the next largest b
ion (b).122 The neutral product of this reaction may be an aziridinone fragment (c) as
suggested by the computational calculations for the lowest energy structures.122
We observed possible sequential b ion formation reactions b3 → b2 (for YGGFLR,
ASHLGLAR, LMYPTYLK) and b5 → b4 → b3 → b2 for LMYPTYLK. The sequential
fragmentation times calculated for the sequential b ion formation of LMYPTYLK (Table
4.3) indicates shorter fragmentation time frames for the steps starting with smaller b ions.
This observation may be explained by the dependence of the each unimolecular decay
step of the sequential decay process on the number of degrees of freedom on the reactant
ion. The larger the reactant ion, the more the number of vibrational modes that can
randomize the activation energy that lead to the decay process, decreasing the rate of the
decay process.
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Further inspection of the sequential fragmentation times reported in Table 4.3 for
the steps of formation of smaller a and b fragments from an already formed bigger b
fragment suggests a general time frame of tens of nanoseconds (less than 100 ns) for each
sequential step. Notice that the fragmentation time for the first assumed step, i.e. the
formation of the first fragment from the precursor ion is usually longer. As also
mentioned earlier, this is illustrated by the sequential fragmentation times for YGGFLR
(Table 4.3). At a 60 eV collision energy, if the b2 ion is assumed to be formed directly
from the precursor ion, a fragmentation time for this process is 111 ns while for the
subsequent formation of the a2 ion has a sequential fragmentation time of 63 ns. If the
precursor ion is assumed to be first forming the b3 ion that undergoes sequential decay
into b2 and then to a2, the sequential fragmentation times are 99 ns, 36 ns and 37 ns
respectively. The calculated fragmentation times shortened with the assumption of more
sequential steps upstream of the decay process. This observation suggests the important
conclusion that at least for the case of b and a ion formation of the studied peptides, if a
processes has a calculated fragmentation time that is around or greater than 100 ns it
could be an indication that that process is a result of more sequential decay processes.
The larger b/a ions leading to that process either may not have a sufficient signal-to-noise
ratio to be observed under the resolution of the experiment and or almost completely
undergone decay into smaller fragments.
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4.2.6

Immonium ion formation
Immonium ions observed in the peptide MS/MS spectra are fragment ions

resulting from the break away of a single amino acid residue. Figure 4.17 shows the
general structure of an immonium ion. Notice the structural similarity of the immonium
ion to the structure of an a ion (see Scheme 4.3, structure (e)), except for the fact that a
ions could contain more than one amino acid residue. As a result of this, an a1 ion is
essentially the immonium ion of the N-terminal residue of the peptide while the internal
immonium ions (i.e., immonium ions formed from the amino acid residues in the middle
of the peptide) can be considered as internal a ions. This implies that the formation of
immonium ions takes place via mechanisms that are the same or similar to those for a ion
formation. Section 4.2.5 discussed sequential mechanisms for the formation of a ions (see
Scheme 4.3). Towards the end of the same section, it was mentioned that the presence of
calculated fragmentation times closer or larger than 100 ns is an indication of the
presence of more upstream sequential steps for the formation of the a ions (and b ions)
for the studied peptides. The average fragmentation times reported in Table 4.1 show that
the immonium ions for the studied peptides have average fragmentation times mostly
longer than 100 ns. This observation clearly indicate that the immonium ions could be
formed as a result of a sequential decay process from larger a or b ions. This is in
agreement with the fact that immonium ions are generally abundant in the spectra
obtained with higher energy deposition fragmentation methods such as SID and high
energy CID.
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FIGURE 4.17. General structure of an immonium ion. The R group is the side chain of
the amino acid residue.
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The above suggested sequential decay process for the formation of immonium
ions is reported in previous work.123 Ambihapathy et. al. suggested the direct decay of a
b2 ion into an a1 ion providing a pathway for the production of the N-terminal immonium
ion, specially when the formed immonium ion

is stable with respect to the decay

products of other possible pathways as in the formation of a2 ions.123 As pointed out by
the above authors, immonium ions composed of aromatic amino acid residues such as
phenylalanine (F) and tyrosine (Y) and aliphatic amino acid residues such as proline (P),
valine (V) form more stable immonium ions than other amino acid residues. An internal
immonium ion may be formed by an a ion while a C-terminal immonium ion may result
from a y1 ion.123 Table 4.4 reports sequential fragmentation times calculated for some of
the likely sequential mechanisms of immonium ion formation. The possibility of the
production of N-terminal immonium ion from a b2 ion is indicated by the possibility to
calculate sequential fragmentation times for b2 → Y for YGGFLR, b2 → A for
ASHLGLAR, b2 → A for ADSGEGDFLAEGGGVR (fibrinopeptide A). Sequential
fragmentation times are also calculated for the formation of internal immonium ions from
a ions as shown by the processes a2 → S for ASHLGLAR, a3 → Y for RVYIHPF and , a2
→ M for LMYPTYLK. The collision energy dependence of the fragmentation times
should be considered with an estimated precision of about ± 5 ns for the measurements as
will be discussed later.
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Peptide

Collision
Energy, eV

YGGFLR
60
80
ASHLGLAR
70
80
70
80
RVYIHPF
70
80
LMYPTYLK
60
ADSGEGDFLAEGGGVR
80

Sequential Fragmentation times (ns)
Starting
Sequential Fragments
Fragment
b2
Y
b3
99
36
6
95
25
11
A
b2
136
38
131
40
a2
S
b2
136
28
17
131
20
10
Y
a3
110
35
90
40
a2
M
b2
108
42
25
A
b2
120
52

TABLE 4.4. Sequential fragmentation times for immonium ion formation.
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4.2.7

Fragmentation of protonated P14R
The special fragmentation behavior of the protonated P14R yielding a contiguous

series of y ions (upto y13 at 1341 Da) at a collision energy of around 70 eV where most of
the other peptides show fragments below 500 Da is pointed out before. The peptide
LMYPTYLK showed similar large fragments (y5 at 622 Da and y6 at 785 Da). This
behavior for LMYPTYLK is in agreement with the conclusions of the mobile proton
model (section 4.2.2). However, the observed fragmentation of P14R can not be
explained as a simple consequence of this chemical model since it contains the highly
basic arginine residue that is capable of sequestering the ionizing proton stronger than the
lysine residue of LMYPTYLK, apparently decreasing the chemical facilitation towards
the charge directed cleavage. Therefore, it is reasonable to assume that other specific
structural features caused by the presence of 14 proline residues in P14R may have
induced this fragmentation behavior. Previous work on polyproline structure and
fragmentation along with our experiments may provide some insights into this process. In
an MS/MS study of a singly protonated polyproline structure with 9 prolines, Danell and
Glish observed that only odd-numbered y ions such as y7, y5 and y3124 are produced that
are apart by two proline residue masses. The activation methods they used can be
considered as effecting low energy gas-induced dissociation. The apparent loss of two
prolines at a time from the polyproline structure is explained to be caused by the
hydrogen bonding at the protonated N-terminus providing an intramolecular interaction
between the first and second proline residues. This probably causes the first two proline
residues to break from the structure as a single unit followed by the proton transfer to the
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new N-terminus124 resulting in a sequential loss of another 2P unit under the low energy
input conditions of gas-induced dissociation. However, the peptide we used (P14R)
differ in the general structure from the protonated polyproline. In the protonated
polyproline, the most basic site to hold the proton is the N-terminus of the peptide while
in P14R, the arginine located at the C-terminus can localize the additional proton.
However, this does not mean that the H-bonding structure proposed by Dannel et. al. is
still possible at the N-terminus of P14R, causing a similar behavior. In that case, the
major reasons for differences in fragmentation behavior might arise from the differences
in the activation methods with the SID activation depositing higher internal energies for
the fragmentation process. In order to investigate the above hypothesis, we obtained ICR
SORI CID (an activation method that induce low energy fragmentation pathways) spectra
for P14R with an ICR MS (IonSpec). We also obtained SID spectra with another SID
method developed in our lab, Q SID TOF. The Q SID TOF method has higher resolution
for SID ion signals with an observation time window in the range of ms.86 ESI ionization
method is used for both ICR and Q SID TOF methods. Spectra obtained with MALDI
TOF SID TOF (70 eV), Q SID TOF (70 eV) and ICR SORI CID for P14R are shown in
Figure 4.18.
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FIGURE 4.18. MS/MS spectra obtained for protonated P14R with three different
methods: (a) MALDI TOF SID TOF at 70 eV (b) ESI Q SID TOF at 70 eV (c) ESI ICR
SORI CID
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As shown in figure 4.18 (a) and (b), the higher resolution ESI Q SID TOF method
at a ms time frame produces the same contiguous y ion series as in the MALDI TOF SID
TOF spectrum. A comparison between these two spectra produce conclusive evidence
that the information gained by the MALDI TOF SID is representative of the SID
activation method for P14R with the added benefit of the ability to confirm the submicrosecond time frame for this decay process that cannot be obtained from Q SID TOF
data. Interestingly, the SORI CID spectrum (Figure 4.18 (c)) shows only the oddnumbered y ions (separated by 2P units) similar to the protonated polyproline
fragmentation.124 As discussed before, a mechanism of sequential loss of 2P units was
suggested for protonated polyproline under low energy CID conditions. A similar
mechanism involving H-bonding at the N-terminus of the P14R could be suspected to be
initiating a mechanism where 2P units are lost to produce odd-numbered y ions as shown
in the spectrum 4.18 (c). Further structural investigations including computational studies
to determine the H-bonding structure at the N and C-termini that are beyond the scope of
this project are necessary in order to probe more into this phenomenon. A possible
computational investigation step could compare the lowest energy structures for the two
model peptide structures of protonated PPP and protonated PPR in order to investigate
the H-bonding structure at the N-terminus leading to sequential loss of 2P units at low
energy input conditions.
The difference between SID spectra and SORI CID is apparent in Figure 4.18
with SID spectra demonstrating a consecutive series of y ions separated by single P units.
As pointed out in the section 4.2.4, the average fragmentation time calculations indicate a
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possible parallel fragmentation mechanism for the production of a consecutive y ion
series under SID conditions in contrast to the above speculated sequential process at low
energy CID fragmentation where 2P units are sequentially lost. Therefore, with the SID
activation that can input higher energy to the decay process, a parallel fragmentation
mechanism occurring in a sub-microsecond time frame can be suggested for the
production of y ions in P14R, following the arguments in the section 4.2.4.

4.3

Sources of error
Some of the possible sources that introduce systematic and random errors (as

discussed in Chapter 3) such as the simulation of the source-to-surface TOF, estimation
of the surface voltage pulse delay from the surface impact event are eliminated in this
improved method. The other possible random error sources are the floating detector
measurements, arrival time measurements for fragments and the fragmentation time
calculation. As discussed above, the floating detector measurements are very precise and
the measurements at the top of the peaks can differ by only about ± 2 ns. Simion
calculations were observed to result in a precision in the sub nano second range upon
reproduction. The random error for the arrival time measurements for the peptide
fragments can be estimated to be about ± 3 for fragments. Therefore, for the
fragmentation time calculations a total maximum random error of ± 5 ns can be
estimated.
A maximum possible systematic error for the method can be estimated by
comparing the simulated surface-detector arrival times for precursor peptides with the
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experimentally observed values measured by subtracting the floating detector
measurements from the experimental source to detector TOF for the parent ions obtained
from SID spectra. These suggested a maximum possible systematic error of about + 10
ns.

4.4

Conclusions
The average fragmentation times calculated for the peptides after the

modifications to improve the accuracy are not significantly different from the previous
results (maximum 100s of nanoseconds) reported in Chapter 3 and our previous work78,
111, 112

suggesting a non-shattering decay process in the nanosecond time frame for the

observed fast fragmentation channels of peptides at or near hyperthermal collision
energies. Calculation and comparison of theoretical peak shapes for the fragments at
different unimolecular decay constants assuming a strict unimolecular decay process
indicate that the process may be approximated by a unimolecular decay mechanism with
a log rate constant in the range of 6 -7. Further evidence for this is demonstrated by the
consistent observation of decreasing average fragmentation times for the fragments with
increasing input energy and a trend of increasing fragmentation times with increasing
degrees of freedom. The kinetic shift of the instrument allows the observation of the
unimolecular decay fragments when the general plots of the log value of the rate constant
vs internal energy is reaching a plateau as reflected from the plots of log (1/average
fragmentation time) vs collision. These observations clearly rule out the possibility of a
surface-shattering mechanism for fast peptide fragmentation channels in the studied
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collision energy regime. The ability to calculate sequential fragmentation times for the
known sequential processes further establish credibility for this approach. The possible
differences in fragmentation pathways such as the sequential formation of a b ion from a
larger b ion, sequential formation of the immonium ions and a parallel fragmentation
mechanism for the contiguous y ion series observed for the peptide P14R are discussed
based on the calculations illustrating the potential of application of this approach to
distinguish between different mechanisms. This point will further be illustrated in the
study of high energy surface-induced dissociation of fullerenes as discussed in the next
chapter.
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CHAPTER 5

SURFACE-INDUCED DISSOCIATION OF FULLERENES

5.1

Introduction
Fullerenes are special cage-like chemical structures made up of carbon atoms.

Surface-induced fragmentation of fullerenes such as C60 and C70 is characterized by the
high collision energies (more than 100 eV) needed to effect fragmentation. This may be
explained by features such as the special stability, rigidity and resilience of the fullerene
structure upon surface impact. It is also observed that fullerenes exhibit significantly
different fragmentation patterns or different fragment distributions with changing input
energy. For example, before SID results for C60+. were reported, photodissociation studies
of C60+. radicals showed fragmentation of the structure to yield C2n+. fragments containing
only even numbered C units and the apparent change to different decay channels with
increasing energy input to produce additional smaller fragments containing odd numbers
of C units.125 Later, other activation methods such as SID126 and CID127 produced the
same fragmentation patterns suggesting common mechanisms that depend on the input
energy. Therefore, the study of the fragmentation kinetics of fullerenes as a function of
input energy can impart important fundamental insights into the fragmentation processes
of chemical compounds. The use of SID for these experiments provides a simple and
very efficient fragmentation method with convenient collision energy monitoring suitable
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for the fragmentation of these highly stable fullerene structures. The high energy SID
experiments performed on C60+. and C70+. radical ions generated by laser
desorption/ionization and the results of the average fragmentation time calculations for
observed fragments is discussed in this chapter.

An added benefit of the study of

fullerene fragmentation in this project is the absence of post-source decay fragmentation
that eliminates the necessity of further confirmation of the feasibility of detection of the
SID products in the TOF SID TOF setup.
The structural resilience of fullerene ions such as C60+. and C70+. towards surfaceinduced fragmentation below collision energies of about 200 eV was initially illustrated
by experimental and simulation evidence. Whetten and co-workers constructed a tandem
TOF setup that used similar concepts as the setup described in this thesis in order to
perform high energy SID experiments on clusters.89 This setup, described as a “reflectron
collider”, consists of a laser ablation source to produce ions and a reflectron modified to
contain a surface at the back with the same electrical fields serving to retard the kinetic
energy of the incident ion beam and reaccelerate the scattered ions from the surface
towards the detector. In their initial fullerene fragmentation studies, the special stability
of fullerenes C60+., C70+. and C84+. was illustrated by the observation of no surfaceinduced fragmentation on silicon (up to collision energies of 700 eV) and highly
oriented pyrolytic graphite (HOPG) surfaces (up to collision energies of 170 eV) in the
experimental observation time window of about hundreds of ns.128 Similar to the setup
reported in this dissertation, the observation time frame for the observation of potential
fragmentation processes is determined by the reacceleration time in this “reflectron
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collider”. More experimental evidence supporting the concept of the resilience of C60 for
SID was obtained by the contemporary work of Callahan and coworkers who used
collisions of C602+. ions on polished stainless steel surfaces.129, 130 In a simulation study by
Mowrey and coworkers, it was shown that a C60 structure undergoing collisions with a
hydrogen-terminated diamond surface at 250 eV undergoes almost a planar deformation
as a result of the collision.131 The structure then recoils from the surface and regains its
initial geometry displaying the special resilient features. In spite of the fact that the
molecule does not undergo fragmentation in the time frame of these experiments (10-6 s)
and simulations (10-15 s), it was noted that the kinetic to internal energy conversion could
be in the estimated range of 20 – 30 %,128,

131, 132

suggesting possible dissociation at

longer time frames. It should also be noted that in addition to the observation time frame,
another important factor that could contribute to the lack of or low fragmentation at
collision energies higher than 200 eV could be the effect of the surface properties
including high ion neutralization and low kinetic to internal energy conversion efficiency
for surfaces such as stainless steel.129,

130

This is demonstrated later by the work of

Wysocki and coworkers126 and also by the experiments described in this dissertation. In
our studies, as described in detail later, we are able to observe SID fragmentation for
C60+. ions with a threshold collision energy of around 200 eV on gold surfaces coated
with self-assembled monolayers of fluorinated alkanethiol at a sub-microsecond
observation time-frame.
Busmann et al. performed surface-induced dissociation of C60+. ions formed by
laser desorption in an instrumental setup having an observation time window for the
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fragments of tens of microseconds,133 in contrast to the sub-microsecond time window of
observation in the work of Whetten and coworkers.128 This instrument has a scattering
chamber where a surface under field-free conditions produce scattered ions that are
detected by an independent secondary TOF. The field-free conditions are important for
the studies they performed on scattering angles and scattering velocities of the surfacescattering ions without the complications of interfering fields. Using collisions on HOPG
surfaces, they observed that C60+. can form fragments separated by C2 units (C2n+.
fragments) by apparently undergoing sequential loss of C2 units from its structure starting
from collision energies around 200 eV with smaller C2n+. fragments appearing at higher
collision energies. Another important result of their studies that is used in our simulations
is the scattering-velocities of the ions from which scattering kinetic energies can be
calculated. For collision energies in the range of 150 – 400 eV as used in our experiments
as well, the scattering velocities for the parent ions are almost independent of the
collision energy. For the scattered parent ions, the velocity profile showed a distribution
in the range of 1000 – 3500 m s-1 (corresponding kinetic energy distribution of
approximately 3 – 45 eV) with the average kinetic energy for a surface-scattered ion of
about 15 - 20 eV corresponding to the velocity maximums in the distributions.133, 134 They
reported similar fragmentation trends and scattered ion velocity distributions for C60+.
ions colliding onto diamond surfaces135, 136 as well.
Beck et. al. reported a setup similar to the above mentioned instrumental setup of
Busmann et. al. for cluster surface scattering experiments with a field-free surface located
in a scattering chamber and a secondary TOF for the detection of fragment ions.137 The
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observation time window for the SID fragments of fullerenes in this instrument is in the
10 – 50 μs range. They observed similar fragmentation patterns and scattered ion velocity
distributions for SID of C60+. on HOPG surfaces as Busmann et. al. In addition to the
fragments due to losses of C2 units from C60+. incident ions in the collision energy range
of 200 – 450 eV, a secondary distribution of smaller fragments that are apart by a single
C unit appeared around 400 eV.137-139 This second distribution included Cn+. ions that
displayed characteristic magic numbers for pure carbon clusters of n = 11, 15, 19 and 23.
It is postulated that this second distribution of fragment ions are the result of a
mechanism faster than the process that produces even numbered Cn+. fragments by the
loss of C2 units from C60+.. These results are in agreement with previous
photodissociation studies where it was shown that C60+. can form C2n+. fragments up to
C32+. before switching to a high energy mechanism where smaller fragments with odd
numbers of C units are produced.125 Although the former mechanism appears to be a
sequential loss of C2 units from the fullerene structure, a parallel mechanism where larger
neutral units are lost was suggested by experimental evidence, as discussed later. Beck et.
al. also observed the production of SID fragments separated by C2 units for C70+. and
higher fullerenes following a similar trend to C60+. ions.137, 138
The importance of surface properties on the fragmentation dynamics of fullerenes
is illustrated by the work of Wysocki and coworkers.126 They collided C60+. and C602+.
ions on fluorinated and non-fluorinated alkanethiol self-assembled monolayers (SAMs)
prepared on gold slides in a qudrupole-surface-qudrupole instrument. Extensive
fragmentation (following the same fragmentation patterns with increasing collision
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energy as in previously described work) was obtained with fluorinated alkanethiol SAM
surfaces with respect to the non-fluorinated surfaces and stainless steel surfaces with
hydrocarbons physisorbed from pump oil. This observation is described with respect to
the lower neutralization efficiency on the fluorinated alkanethiol SAM coated surfaces
allowing the observation of a higher fraction of ion information and also the higher
kinetic-to-internal energy conversion efficiency of the fluorinated SAMs.126 Other SID
work with fluorinated thiol SAM surfaces reproduced similar fragmentation patterns, for
example the formation of fragments that are separated by C2 units at collision energies
around 100 – 300 eV for fullerenes.140 In the work described in this dissertation, a
fluorinated alkanethiol SAM is used to obtain the SID spectra for fullerenes.
It is also important that fragmentation patterns similar to the above described
fragmentation patterns for C60+. are reported in activation methods other than surfaceinduced dissociation such as photodissociation125 and high energy collision-induced
dissociation.127, 141, 142 In our work, we acquired SID spectra with collision energies in
the range of 100 – 400 eV for C60+. and C70+. radical ions in order to perform
fragmentation time calculations. Additional calculations are performed to compare the
simulated and experimental peak shapes of the fragments to investigate if the decay
process can be approximated by a strict unimolecular decay. The C2n+. fragments were
observed for both compounds in the collision energy regime of 200 – 300 eV. We were
also able to observe the higher energy secondary distribution of odd and even numbered
C clusters for C60+. around 400 eV collsion energy. Results of the calculations indicated a
fragmentation time window of tens to hundreds of nano seconds for the formation of
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even numbered (C2n+.) fragments for both fullerenes at the “C2n+. fragmentation regime”
(collision energies < 400 eV) and tens of ns for the high energy odd and even numbered
C clusters of C60+. at 400 eV. The possibility of fast unimolecular dissociations occurring
in non-sequential fragmentation steps for these processes will be discussed.

5.2

Materials and methods
C60 and C70 were purchased from Aldrich. Fullerene samples for laser desorption

were prepared by saturating the solvent with fullerene and depositing 1 μL droplets of
this solution on a stainless steel MALDI target. The solvents used were either benzene
(Sigma) or toluene (EMD Chemicals Inc.). The droplets were allowed to air dry and the
droplet deposition and drying procedure was repeated several times for the same spot
until a concentrated dry sample was obtained. Laser desorption was achieved in the same
way as for MALDI samples as described in Chapter 2, using the 337 nm nitrogen laser.
All the remaining experimental procedures including the modified instrumental
setup, surface (fluorinated alkanethiol-coated gold surface), and simulation methods
along with the measurements with the home built floating detector are the same as those
described in Chapter 4.

5.3

High energy surface-induced dissociation of C60+. and C70+. ions
Figure 5.1 shows SID spectra obtained for C60+. with collisions on a gold surface

covered with a SAM of fluorinated alkanethiol at collision energies 164 – 338 eV as
observed in a sub-microsecond observation time frame. No fragmentation is visible at
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164 eV (Figure 5.1 (a)). Loss of C2 units to form C2n+. fragments containing even number
of C atoms starts around 200 eV and the fragments C58+. and C56+. are detectable in the
233 eV SID specrtrum (Figure 5.1 (b)). With increasing collision energy, smaller
fragments are formed with the adjacent fragments separated by single C2 units (Figure 5.1
(c), (d) and (e)). At a collision energy of around 400 eV, a second distribution of smaller
Cn+. fragments with odd and even number of C units appeared in addition to the
fragments due to the loss of multiple C2 units as illustrated in Figure 5.2, a 406 eV
collision SID spectrum. In this second distribution of Cn+. fragments, magic numbers for
C clusters including n = 15, 19 and 23 are observed in agreement with the previously
described SID results.137-139
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FIGURE 5.1. TOF SID TOF spectra for C60+. for collision energies in the range of 164 –
338 eV.
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FIGURE 5.2. TOF SID TOF spectrum for C60+. at 406 eV collision energy. In addition to
the fragments separated by C2 units, a second distribution of smaller fragments including
a “magic number” of carbon units such as C15+., C19+. and C23+. appear in the same
spectrum.
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Similar to C60+., we obtained SID spectra for C70+. in the collision energy regime
of 100 - 300 eV, depicting the formation of C2n+. fragments with smaller fragments
appearing with increasing collision energy as shown in Figure 5.3. For both fullerenes,
obtaining SID spectra beyond 300 eV proved to be experimentally difficult due to several
reasons. The resolution and the signal-to-noise ratio of spectra decreased rapidly from
spectrum to spectrum at these high collision energies. This is attributed to the fluorinated
alkanethiol SAM surface being changed with high energy bombardment of fullerene ions
as became evident by the fact that the spectra returned back to the original quality with a
freshly prepared surface. However, the preparation and incorporation of the surface into
the instrument is a time consuming process since the surface deposition process takes at
least 12 hours as described in Chapter 2 and the current configuration of the instrument
takes about 24 hours to pump down to the desired pressure (10

-6

– 10

-7

torr) after

venting the instrument to introduce the surface. It is also possible that the high energy
fragments resulting above 300 eV collisions may be collected better at a different angle
due to the differences in the scattering angle. At collision energies above 300 eV, we
were not able to carry out careful angle resolved studies due to the same effect observed
with the SAM surface as mentioned above. In the future, more surface types such as
diamond will be investigated in order to study this phenomenon and potentially obtain
higher energy SID spectra.
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FIGURE 5.3. TOF SID TOF spectra for C70+. for collision energies in the range of 187 –
332 eV. Fragment ions that are separated by single C2 units appear similar to the
fragmentation pattern of C60+. shown in Figure 5.1.
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5.4

Nature of the decay process
In Chapter 4, section 4.2.1 a method is described to compare the experimental

peak shape of the fragment ion with the theoretically calculated peak shapes with
different rate constants assuming a strict unimolecular decay process for the
fragmentation of protonated peptides. The reader is directed to the section 4.2.1 for
details of this approach. Briefly, a unimolecular decay of the C60+. ion into a fragment
(for example C58+.) starting from the rapid vibrational energy transfer process at the
surface impact event without the involvement of any other competing decay processes is
considered. In addition, peak broadening process such as arrival time distribution at the
surface, energy spread of the surface-scattered ions, digitizer bandwidth, detector
response time etc are considered in the calculation. Figure 5.4 shows results obtained for
the decay of the C60+. parent ion to produce a C58+. at a collision energy of 258 eV. The
log value of the inverse average time estimated by the average fragmentation time frame
calculation method for this particular process assuming a one-step fragmentation is 6.8.
As shown in the figure, the best matching theoretical peak shape for the fragment ion
signal in terms of position and peak width at half maximum has a log k value that is in
the same range, i.e., 6.6. This calculation suggests that this fragmentation mechanism
may be approximated by a pure unimolecular decay of C58+. ion from the rapidly surfaceactivated C60+. parent ion.
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FIGURE 5.4. Comparing theoretically calculated peak shapes for the assumed
unimolecular decay of C60+. radical ion into C58+. at different rate constants with the
experimental peak shape of the C58+. ion signal.
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Figure 5.5 shows the results of the theoretical peak shape calculations performed
for the assumed one-step unimolecular decay process of C60+. into C19+. ion at a collision
energy of 406 eV. The log value of the estimated average fragmentation time frame has a
value of 7.6 for this process while the best-matching theoretical peak in figure 5.5 to the
experimental peak has the same log k = 7.6. The poor matching of the theoretical peak
shape to the experimental peak may be a result of several factors such as distribution of
internal energies, other decay channels that may be involved and non-ideal unimolecular
decay conditions. However, these results indicate that, similar to the results reported in
the Figure 5.4, the unimolecular decay approximation may be applied in this decay
process. In our average fragmentation time frame calculations discussed later, the
possibility of this one-step unimolecular decay mechanism will be further investigated.
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FIGURE 5.5. Comparing theoretically calculated peak shapes for the assumed
unimolecular decay of C60+. radical ion into C19+. at different rate constants with the
experimental peak shape of the C19+. ion signal.
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5.5

Fragmentation time frame calculations: C2n+. regime
In addition to the above peak-shape simulations, the same approach as described

in Chapter 4 is used in the calculation of the average fragmentation times for the
fragments resulting from the surface impact of fullerene. Table 5.1 lists the fragmentation
times obtained for both C60+. and C70+. in the regime where only the fragments with even
number of C units (C2n+.) are formed at collision energies below 400 eV. Table 5.1 also
lists calculated fragmentation times for similar C2n+. fragments at 406 eV for C60+.. The
fragmentation times for both fullerenes are similar with a range of about 60 – 300 ns
(collision energy 236 – 332 eV) for C70+. and 20 – 200 ns (233 – 338 eV) for C60+.. For
C60+. at 406 eV, the fragmentation times are in the range of 20 – 70 ns. These values are
similar to the average fragmentation times (AFTs) reported for the peptides in Chapter 4,
suggesting a unimolecular dissociation in the same time frame as that for peptide
dissociation for these high energy SID processes of fullerene. For peptides, a clear and
consistent dependence of AFTs on the input energy is reported (Chapter 4). For the AFTs
reported in Table 5.1 for fullerenes, a similar general trend is observed although a few
data points differ in ± 5 ns. This point is further illustrated in Figure 5.6, where the AFTs
for the fragments of C60+. that are apart by C2 units are plotted against the collision
energy. The variations in a range of ± 5 ns could be attributed to the random error
associated with the TOF measurements. The dependency of the AFTs on the input energy
with significant (> 5 ns) positive increments to the AFT with an increase of the input
energy is indicative of a unimolecular decay mechanism as observed in the peptide
fragmentation data. It should also be mentioned that with careful inspection of the data in
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Table 5.1, AFTs for C70+. are longer than those for C60+., a likely consequence of the
increased number of degrees of freedom and also consistent with unimolecular decay.
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Fragment

Mass (Da)

C68+.
C66+.
C64+.
C62+.
C60+.
C58+.
C56+.
C54+.

816.76
792.74
768.72
744.70
720.67
696.65
672.63
648.61

Fragment

Mass (Da)

C58+.
C56+.
C54+.
C52+.
C50+.
C48+.
C46+.
C44+.

696.65
672.63
648.61
624.59
600.57
576.55
552.53
528.51

C70+. (840.78 Da)
Average Fragmentation Times (ns)
236 eV
254 eV
304 eV
315
317
266
164
145
136
151
140
135
110
115
90
94
74
C60+. (720.67 Da)
Average Fragmentation Times (ns)
233 eV
258 eV
290 eV
148
150
153
206
67
50
65
69
48
42
47

332 eV
270
133
138
99
80
64
61
66
338 eV
100
50
51
21
43
58
46

406 eV
70
60
40
23
20
55
24
43

TABLE 5.1. Average fragmentation times calculated for the fragments that are apart by
single C2 units for C60+. and C70+. precursor ions.
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FIGURE 5.6. Average fragmentation times obtained for C2n+. fragments of C60+. as a
function of the collision energy.
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In the peptide AFT data, for the likely sequential processes such as the formation
of an a ion from b ions, the AFTs for smaller fragments were consistently larger than
those for the larger fragments (Chapter 4). This allowed the calculation of sequential
fragmentation times (SFTs) for some peptide fragmentation processes. The production of
even-C fragments in the fullerene appears to be the result of a sequential process of
loosing C2 units resulting in additional smaller fragments with increasing collision
energy. This observation is demonstrated in the SID spectra shown in Figures 5.1, 5.2 and
5.3. With this assumption in mind, AFTs reported in Table 5.1 are investigated for the
likelihood of a sequential C2 loss mechanism for the production of the C2n+. fragments. In
contrast to the peptide AFT data, AFTs at the C2n+. regime for fullerenes (both C60 and
C70) shows the trend of obtaining shorter AFTs for the adjacent smaller fragments for the
majority of data points. This observation rules out the possibility of a mechanism where
the C2n+. fragments are produced by a sequential loss of C2 units and indicates that the
fragmentation occurs by parallel processes where large even-numbered C units are lost. It
should be noticed that such a parallel mechanism may also exhibit longer AFTs for
adjacent smaller fragments as observed for a few data points.
The above suggested parallel mechanism indicated from our AFT data for the
production of even-C fragments for C60+. and C70+. is in good agreement with the parallel
mechanism suggested by other authors for the same decay process.125, 127, 141, 143 Smalley
and co workers studied the decay mechanism for C60+. and C70+. to yield C2n+. fragments
using photodissociation.125 They showed that a mechanism where sequential C2 units are
lost is more energy demanding than a mechanism where complete even-numbered C units
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are lost in parallel steps. In the high energy CID studies of Harrison and co-workers,
these results were further investigated.141 For example, according to Smalley and coworkers,125 for the fragmentation of C70+., the loss of one C2 unit (to produce C68+.)
requires about 4 eV, the sequential loss of 10 C2 units (to produce C50+.) requires about 40
eV and the sequential loss of 13 C2 units (to produce C44+.) requires about 52 eV. Both
C50+. and C44+. were observed by Harrison and co-workers when the high-energy CID
center-of-mass collision energy is only 33 eV, suggesting the loss of larger neutral units
to form the above ions rather than a sequential elimination of C2 units.141

Strong

experimental evidence for the parallel mechanism suggested by these studies and our
average fragmentation time calculations is provided by neutralization-reionization mass
spectrometry (NRMS) of C60.143, 144 In a mechanistic investigation, Wesdemiotis and coworkers studied NRMS of neutral units eliminated after high energy collision induced
dissociation of C60+. radical ions produced by electron impact.143 The neutral fragments
remaining after the fragmentation of C60+. is reionized to obtain neutralizationreionization mass spectra that provide direct evidence of the eliminated neutral units
during the fragmentation. For the experiments where high energy CID mass spectra
showed C2n+. fragments, NRMS revealed spectra showing larger even-numbered neutral
moieties corresponding to the production of C2n+. fragments in the mass spectra. Previous
to this study, high energy CID followed by NRMS studies for C60+. radical ions performed
by Wong et. al. resulted in similar spectra.144 These provide conclusive experimental
evidence for a parallel fragmentation mechanism supporting the trend demonstrated by
our AFT data (Table 5.1).
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5.6

Fragmentation time frame calculations: regime of odd/even Cn+. fragments of

C60+.
Table 5.2 shows the AFTs obtained for the formation of odd-and even numbered
C cluster fragments for C60+. at a collision energy of 406 eV in our SID TOF SID setup.
First, the AFT values span the range of 7 – 37 ns indicating a process a little faster than
the previously described C2n+. regime (Table 5.1). It is important to point out that the fact
that a specific decay process requires higher input energy than another decay process
does not necessarily mean that the high energy process should be faster than the low
energy decay processes. As a second important observation, AFTs reported in table 5.2
do not show an increasing trend with decreasing fragment mass, ruling out the possibility
of a sequential decay process as discussed in the previous section. Therefore, according
to these data, the possibility of a fast unimolecular decay process with a parallel
mechanism where the observed fragments are formed in a non-sequential manner can be
derived although these calculations cannot be considered as conclusive evidence for the
existence of such a mechanism without more accurate studies. In the same manner,
explanations for the observations such as alternating longer and shorter AFTs for the oddnumbered fragments C27+. (25 ns), C26+. (15 ns), C25+. (33 ns) and C24+. (16 ns) etc can not
be explained without more accurate method developments. It should also be mentioned
that there are other work suggesting a sequential decay process for the fragmentation of
C60+. ion such as the use of the comparisons between experimental and theoretical
breakdown graphs145.

193

Fragment

Mass (Da)

C27+.
C26+.
C25+.
C24+.
C23+.
C22+.
C21+.
C20+.
C19+.
C18+.
C17+.
C16+.
C15+.
C14+.

324.34
312.33
300.32
288.31
276.30
264.29
252.28
240.27
228.26
216.25
204.24
192.23
180.22
168.21

Fragmentation
Time (ns)
25
15
33
16
32
15
37
7
27
31
24
34
21
17

TABLE 5.2. Average fragmentation times calculated for the fragments that are apart by
single C units for C60+. at a collision energy of 406 eV.
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The small AFT values, specially those obtained for these high energy processes (7
– 37 ns) poses the question of the effect of the errors in the calculation. For a discussion
and estimation of the random and systematic errors associated with this method, please
refer to Chapter 4. With an estimated random error of about ± 5 ns and maximum
possible systematic error of + 10 ns, these results may be interpreted to be over
estimating. The probability of a surface-shattering mechanism (in femtosecond time
frame) for the formation of these small odd-even Cn+. fragments may also be considered,
as suggested by some theoretical simulation studies for SID of C60+.146,

147

However,

several other factors may be considered to support the fact that these processes could still
occur in the ns time frame. First, without experimental evidence, theoretical simulations
are not conclusive and may not be representing all the variables in the real systems.
Second, the fact that gas-induced dissociation can induce the same high energy fragments
under multiple collision conditions suggests that a unimolecular/metastable decay
mechanism after the activation event is more probable with the collision energies
involved. For example, Cotter et.al. obtained an MS/MS spectrum similar to our 406 eV
SID spectrum for C60+. at a center-of-mass collision energy of about 55 eV with He as the
collision gas at a pressure of 3.9 x 10-5 torr.127 In their work, the importance of multiple
collisions is demonstrated by obtaining spectra at different He pressures, with a pressure
of 1.3 x 10-5 torr showing almost barely detectable odd-even fragment products and 2.5 x
10-5 torr showing these fragments with detectable intensity that increases with increasing
pressure. However, in the case of high energy CID work that involved unusually high
center-of-mass collision energies (close to 1 keV), such as in the work of Hvelplund et.
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al. where

C60+. ions with 200 k eV kinetic energy colliding with H2 or He,148

a

femtosecond time frame dissociation for the fragmentation processes as simulated by Xia
et. al.149 could be possible.

5.7

Conclusions
High energy TOF SID TOF spectra are successfully produced for C60+. and C70+.

radical ions formed by laser desorption in a sub-microsecond observation time frame.
These spectra are similar to the results reported by other authors using SID and other
activation methods such as photodissociation and CID suggesting similar mechanisms for
the decay processes. For the decay regime of C60+. and C70+. where the fragments are
separated by C2 units, the average fragmentation time calculations performed using the
method described in Chapter 4 indicated a tens to hundreds of ns decay process similar to
the peptide fragmentation results (Chapter 4). In contrast to some of the peptide
dissociation data, the possibility of a decay process where C2 units are sequentially lost to
produce smaller fragments is ruled out by the observation that majority of the AFT values
are significantly smaller than for their adjacent larger C2n+. fragment. A parallel
fragmentation mechanism is suggested for these processes. Previous experimental data by
other authors support this conclusion. For the smaller fragments of C60+. that are
separated by single C units at a collision energy of 406 eV, a fast unimolecular decay
process occurring at tens of nanoseconds could be concluded. A parallel fragmentation
mechanism is suggested for this high energy process as well following the same
arguments as for the C2n+. fragment regime. In addition, the ability to approximate the

196

fragmentation process by a strict unimolecular decay process is demonstrated by the
simulation of theoretical fragment ion peak shapes at different rate constants and
comparing them with the experimental peak shape.
The study of fullerene fragmentation with our simulation-based method
demonstrates the applicability of this method for the study of different fragmentation
mechanisms. Further possible future developments for this method will be discussed in
Chapter 6.
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CHAPTER 6

CONCLUSIONS AND FUTURE DIRECTIONS

6.1

Conclusions of the project
The experiments, data and analyses presented in this dissertation demonstrate the

capability of the introduced simulation based method to obtain kinetic information for the
surface-induced dissociation (SID) processes of compounds such as peptides and
fullerenes. The successful incorporation of the SID method into a Bruker Proflex MALDI
TOF MS to obtain MS/MS information for protonated peptide ions is discussed in
Chapter 3. The simulation approach where the trajectories of the SID ions are simulated
to obtain simulated detection time vs simulated fragmentation time plots (DTFT plots) is
also discussed in Chapter 3. The experimental detection times of the observed fragments
are compared to these DTFT plots to calculate an average fragmentation time for the
fragments, considering the surface-impact event of the precursor ion as the zero time. The
experimental detection time is the experimentally measured time-of-flight (TOF) of the
ion from the surface to the detector, calculating from the surface-impact (TOFsurfacedetector).

However, in the MALDI TOF SID TOF spectrum, the TOF values measured for

the fragments are the sum of the TOF values from the MALDI source to the surface
(TOFsource-surface) and from the surface to detector (TOFsurface-detector). Therefore, a method
to extract the experimental detection time from the experimental data required the
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measurement and subtraction of the TOFsource-surface value from the TOFsource-detector that is
measured from the spectrum. In the data reported in Chapter 3 and our previous work,
TOFsource-surface is calculated by simulating the source-to-surface ion trajectories of the
precursor ions. This value is then subtracted from the measured TOFsource-detector for each
fragment in the MS/MS spectrum to obtain the TOFsurface-detector which in turn is
compared with the simulated DTFT plots to obtain an average fragmentation time.
Peptides such as YGGFLR, PPGFSPFR, RPPGFSPF, RVYIHPF, ASHLGLAR,
LMYPTYLK and Fibrinopeptide A and B are studied. Fragment ions observed for these
peptides mostly contained small ions such as immonium ions, small internal fragments,
and a2, b2 and y1 ions apparently resulting from fast fragmentation channels reflecting the
submicrosecond observation time frame of the instrument. This observation time frame
allowed the specific detection of the submicrosecond decay pathways without the
interference of the ion signals produced by slower pathways. The average fragmentaion
times calculated for these processes indicated a fragmentation time frame for all the
observed decay processes in the range of 200 – 300 ns at a collision energy of 50 eV.
This indicated that these fragments result from fast unimolecular decay processes rather
than from a “surface-shattering” mechanism. In the studies of Chapter 4, these concepts
are further investigated and further evidence for the unimolecular decay nature of these
fragmentation channels are established.
Further modifactions are introduced to the experimental setup as described in
Chapter 4 in order to improve the accuracy of the method. The TOFsource-surface value
described above is obtained using a more accurate experimental method by measuring the
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precursor ion arrival time from a detector assembly designed to simulate the surface
assembly. Another modification is the addition of the matrix additive D-fructose in the
preparation of MALDI sample in order to minimize the metastable nature of the
precursor ions. The SID studies of the ions dependent on the assumption that the ions
impacting the surface has an insignificant internal energy content so that the decay
process is solely initiated by the transfer of activation energy due to the surface-impact.
The metastable nature of the MALDI produced ions is demonstrated by the post-source
decay (PSD) spectra showing fragmentation during the source-to-surface time-of-flight.
The addition of D-fructose successfully minimized this PSD fragmentation signaling
insignificant internal energy contents for the precursor ions. In a third modification, the
SID spectra are obtained only under DC voltage extraction conditions without using
surface voltage pulsing schemes. This is effected in order to simplify the simulation
process by eliminating the errors associated with the imperfect simulation of the surface
voltage pulse. In the experiment, a decrease in the resolution is observed with the
removal of the surface pulsing scheme although the comparison between the measured
arrival times of the fragments and the simulation is more accurate. The accuracy of the
fragmentation time frame calculation method is considered to be more important in our
studies.
Additional calculations to simulate the theoretical peak shapes for the fragment
ions assuming a strict unimolecular decay mechanism are performed. The theoretical
peak shapes calculated using different unimolecular rate constants are deconvoluted with
the expected detection times obtained from SIMION 7.0 ion trajectory simulations.
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Different factors contributing to the peak broadening process are considered and
incorporated into theses theoretical peaks and compared with the shape, position and the
width of the experimentally obtained fragment ion signal. These calculations revealed
that the fragmentation processes for both hyperthermal collisions of peptides and high
energy SID of fullerenes, specially those that are most probably one-step processes, can
be approximated by a unimolecular decay process with a log rate constant in the rage of 6
-7.
Future developments to the method can be considered in several different
directions such as improving the resolution of the TOF SID TOF fragment ion signals,
improving the ability of the method to study molecules smaller than the ones that can be
studied using MALDI method and obtaining kinetic information at longer time frames
than the current sub-microsecond time frame. The following sections will discuss each of
these aspects in detail.

6.2

Improving the resolution of the method
Improvements to the resolution of the TOF SID TOF spectra can be considered

both at the precursor ion source and the surface region. Improvements at the ion source
(MALDI or laser desorption) should mainly produce a precursor ion packet that is
focused at the SID surface. As discussed in the experiments, the dual extraction ion
source is tuned to obtain the best spatial focus of the ions at the surface using the
measurements of the floating detector placed at the location of the surface. Possible
corrections to the spatial and kinetic energy spreads of the surface-scattered ions can be
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considered as directly affecting the resolution of the SID spectra. In the experiments
discussed in Chapter 3, the use of a delayed surface voltage pulsing scheme on top of the
continuous DC extraction is used to obtain better resolution for SID signals. The surface
voltage pulse was not used in the subsequent experiments (Chapter 4) since the modeling
of the shape of the pulse and the estimation of the delay time of the pulse from the
precursor ion’s surface impact event contributed to errors in the simulation. However,
with more accurate measurements of the arrival times of the ions at the surface (floating
detector, Chapter 4) and accurately measuring and modeling the shape of the surface
voltage pulse, this will not be a significant source of errors to the method. The
measurement of the voltage pulse applied on top of high DC background (about 9 kV for
peptide SID spectra) is attempted with a high voltage probe (P6015, Tektronix, Inc.)
coupled to a 150 MHz oscilloscope (9430, LeCroy). The noise caused by the DC
background did not allow a proper measurement of the shape of the pulse.
As will be discussed later, further improvements to the resolution can be achieved
by changing the pulsing scheme. Even if accurate fragmentation time frame calculations
are difficult or complicated with such a scheme, the knowledge that the observation time
frame has a maximum limit (hundreds of nanoseconds in the setup described in this
dissertation) could be used to gain important insights into the decay processes. In
addition, the assignment of the SID peaks to the specific fragment will benefit if
complementary higher resolution SID spectra could be obtained for the same SID spectra
that are used for the kinetic studies. The peak assignment in the higher resolution spectra
is more convenient with the added benefit of identifying possible overlapping peaks. The
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change between the two modes could be as simple as switching on and off a voltage pulse
or pulses.
The pulsing scheme of applying a positive voltage pulse delayed from the parent
ion’s surface-impact is described previously (Chapter 3). We applied a different
extraction scheme for the surface-scattered ions to test the possible improvement of the
resolution. In this experiment, the surface assembly and the DC voltage conditions
explained in Chapter 3 are used. The same high voltage pulse generator used for the
surface voltage pulsing is configured to apply a negative voltage pulse on top of the DC
voltage of the grid instead of the positive voltage pulse on top of the surface DC voltage.
Figure 6.1 (b) shows a MALDI TOF SID TOF spectrum obtained for the peptide
RVYIHPF (70 eV collision) with a negative grid voltage pulse delayed by 13.5 μs from
the starting trigger for data acquisition and with a – 1.5 kV amplitude with respect to the
electrical ground and 500 ns pulse width. Spectrum in Figure 6.1 (a) shows an SID
spectrum obtained for the same peptide under the same conditions except for a the
application of a positive voltage pulse at the surface (13.6 μs delay from data acquisition,
1.5 kV amplitude and 500 ns wide) instead of the grid pulse.
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FIGURE 6.1. A 70 eV MALDI TOF SID TOF spectrum for the peptide RVYIHPF
obtained with a positive voltage pulse applied on top of the surface DC voltage (a) and a
spectrum obtained under the same conditions with changing the voltage pulse to a
negative one applied on top of the grid DC voltage in order to study the change in
resolution (b). See text for voltage conditions and details.

204

The increase in the resolution with the negative grid pulse is very clear with peak
widths in the range of 0.3 – 0.4 Da (fwhm) while the spectrum with a surface voltage
pulse has peak widths at fwhm of 3 – 5 Da. For example, for the fragment ion signal Y at
136 Da, this imparts a m/ Δm resolution at 50% valley of 34 for spectrum 6.1 (a) and 309
for spectrum 6.1 (b). Overlapping ions that cannot be resolved with the surface pulse are
also resolved with the grid pulse. Notice the R (70 Da), V (72 Da) pair and the H (110
Da), R (112 Da) pair that are not resolved with the surface voltage pulse are resolved
with the grid voltage pulse. Another observation is the lack of the higher mass fragments
a2-NH3, a2 and a3 that are present in the spectrum obtained with the surface pulse. In the
following discussion, we will briefly attempt to rationalize these observations in order to
suggest a potential higher resolution method to obtain TOF SID TOF information with a
maximum collection of possible fragmentation data from this setup.
While both type of pulses help to “bunch” the ion packet during the acceleration
process in order to impart higher resolution to the subsequent TOF analysis, the positive
surface pulse act as a “pushing” force to the ions already translating away from the
surface. The voltage pulse on the grid is made negative assuming that ions moving
towards the grid may be able to be bunched by “pulling” towards the grid. Ion trajectory
calculations showed that the ions are still translating towards the grid when the negative
grid voltage pulse is switched on so that ions can be bunched by means of the “pulling”
effect of the negative grid voltage pulse. However, in addition to a “pulling” effect, the
calculations indicated that the ions could again be “bunched” by the “push” exerted by
the rising edge of the negative pulse when the negative voltage of the pulse is raised back
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to the electrical ground. While this consecutive “pull-push” mechanism of the grid
voltage pulse could be imparting higher resolution to the ion signals, it could also be
defocusing the higher mass ions that have still not passed through the grid during the
rising edge of the pulse so that they do not appear in the mass spectrum. More careful
experiments are required to optimize the parameters to an extent to detect SID spectra
while changing the parameters of the negative grid voltage pulse such as the pulse delay,
pulse width and pulse amplitude to study the loss of the higher mass ions. It is also
reasonable to assume that a grid voltage pulse as described above could be coupled with a
synchronized positive voltage pulse on the surface with higher amplitude to contribute to
the collection of the higher mass ions and improve the resolution further.

6.3

Ionization methods to study small molecule kinetics
Protonated peptides for SID analysis are generated using the MALDI ionization

method with alpha-cyano-4-hydroxy-cinnamic acid (CHCA) as the matrix. CHCA matrix
introduce background ions upto about 500 Da. During the mass selection of the precursor
ion, these low mass signals are deflected using a mass gate (Chapter 2). However, peptide
of masses lower than about 500 Da cannot be mass selected from the overlapping matrix
ion background. In addition, the TOF of peptides in the mass range close to 500 - 700 Da
is affected by the deflection voltage pulse applied to the mass gate (Chapter 2, 3) making
the analysis complicated for the subsequent SID analysis. Therefore, the exploration of
ionization methods other than MALDI with no interfering background ion signals is an
important future direction for the study of small molecules (eg: peptides with molecular
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mass < 700 Da). It should also be noticed that the study of small molecules having
simpler and or known dissociation kinetics is important in the development of the
theoretical and experimental peak shape comparison approach to study kinetics as
described in Chapter 4.
For the highly stable fullerene structures, radical ions are produced with laser
desorption ionization method with no matrix as discussed in Chapter 5. This method is
not useful to produce small intact peptide ions since these molecules are highly thermally
labile. Section 1.2.5 of Chapter 1 introduced the DIOS ionization method that does not
produce a matrix ion background and with a “soft” nature to produce intact ions for
peptides. Preparation of the sample for DIOS is similar to MALDI except for the absence
of added matrices and the change of the substrate to a porous silicon on which the sample
is deposited. The dried DIOS sample is irradiated with a laser in order to produce gasphase ions. The soft nature of DIOS ionization method arises from the fact that the
porous silicon surface used as a substrate for the analyte can act as a sink to absorb the
primary radiation from the laser.34, 35
DIOS ionization is a potential candidate in order to perform TOF SID TOF in the
instrument described in this project for small molecules including peptides with a
molecular weight less than about 700 Da without the interfering matrix ion background.
Our preliminary experiments showed that no modifications are required to the
instrumental setup in order to introduce DIOS ionization method. The same N2 laser for
MALDI can be used for the irradiation of the sample. In the preliminary experiments, a
stainless steel sample plate used for MALDI is modified by cutting recesses for the
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porous silicon substrates. The silicon substrates are attached on to the stainless steel plate
using a double-sticky tape (3M). The porous silicon substrates are produced following a
similar procedure as reported by Thomas et. al..150 Silicon wafers of diameter 100 mm
and thickness 500 μm with conductivity 0.008 – 0.2 Ohm.cm are purchased from Silicon
Quest. These wafers are electrochemically and chemically etched using a setup and a
procedure reproduced following the reference 147150 and personal communications with
Gary Siuzdak and his group.
Our initial experiments were successful in obtaining peptide spectra from DIOS in
the same instrumental setup. Figure 6.2. demonstrates reflectron mode spectra obtained
for the peptide YGGFLR with DIOS and MALDI. The voltage conditions used are the
same for both experiments but are optimized for the SID operation (except for the
reflectron voltage) but not for either MALDI or DIOS (Chapter 3). Even with these nonoptimized conditions, it is clear that DIOS spectrum shows higher signal-to-noise ratio.
However, unlike the MALDI signal, the DIOS signal did not sum up after about three
laser shots and thus produced a low intensity transient precursor ion signal. This signal is
not suitable for the SID operation that requires a more intense and lasting precursor ion
signal in order to collect a detectable amount of surface-scattered ions considering the
possible ion losses during extraction and the passage through the reflectron and surface
grids. The etching procedure to produce porous silicon is not yet optimized so that it is
difficult to reproduce the DIOS experiments with the added difficulty of eliminating the
contaminants appearing in the DIOS spectrum due to its highly sensitive nature.
Experiments are underway in the Wysocki group to develop the DIOS ionization as a
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robust method for the potential SID kinetic studies for small molecules for which
MALDI is not useful.
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(b)

(a)

Matrix Ions

MH+

MH+

Contaminants

m/z+

m/z+

FIGURE 6.2. A reflectron mode spectrum obtained for the peptide YGGFLR with DIOS
ionization method (a) and MALDI ionization method (b) under the same source voltage
conditions that are originally optimized for the SID operation.
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6.4

Longer observation time frames for SID spectra
The current extraction ion optics at the fragment ion source, i.e., the surface,

allows only a submicrosecond time frame for the observation of the fragmentation
processes. Longer observation times may be possible by modifications to the extraction
electrical fields. This could be achieved by increasing the time the ions spend in the
extraction region prior to entering the field free region. In terms of ion optics, decreasing
the DC extraction electrical field and or increasing the distance the DC extraction field
extends can be considered. However, in the experiments performed with the surface
assemblies described in Chapters 3 and 4, decreasing the DC electrical fields caused a
decrease in the intensities of the SID ion signals suggesting that the ion collection
efficiency of the SID ion source should be improved in a parallel way. For example,
simulations indicated that increasing the thickness of the cylindrical surface holder (from
1.5 mm to 9 mm) to provide a cylindrical lens region can focus the ions scattered at all
the possible angles creating a vertically focused ion beam.

The same effect may be

obtained by using closely spaced (1-2 mm) stack of lenses with a thickness of about 1
mm immediately after the surface with the added improvement of supplying a more
linear and homogeneous extraction field by connecting the lenses electrically with
resistors. This arrangement is similar to attaching the surface at the back plate of a
reflectron lens stack that produces a one stage DC electrical gradient. Unfortunately, the
focusing of the metastable fragments by this reflector-like extraction optics in methods
such as generation of precursor ions for peptides by MALDI will complicate the
interpretation of the SID spectra. This fact illustrates the importance of employing
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ionization methods that produce less or no metastable ions in order to achieve more
flexibility in the modification of the ion optics at the surface region.
Other future directions to the method include the study of the possible multiple
decay mechanisms for the fragmentation processes.

For example, different decay

channels with different rate constants and different mechanisms could produce the same
peptide fragment simultaneously. Theoretical peak shapes may be constructed for such
possible pathways in order to compare with the experimental peak shapes, extending the
theoretical peak shape calculations reported in Chapters 4 and 5.

6.5

Conclusions
The simulation based method to study kinetics of surface-induced

dissociation in the constructed TOF SID TOF setup is able to provide fragmentation
information within a sub-microsecond observation time frame. The method is
successfully applied to study SID kinetics of peptides (Chapter 3 and 4) and fullerenes
(Chapter 5). The calculated average fragmentation times (AFTs) are used to estimate the
relative rates and to distinguish between the unimolecular decay processes and surfaceshattering mechanisms. Additional calculations to simulate the theoretical peak shapes
for the fragment ions assuming a strict unimolecular decay mechanism revealed that the
fragmentation processes for both hyperthermal collisions of peptides and high energy
SID of fullerenes, specially those that are most probably one-step processes, may be
explained using a unimolecular decay process with a log rate constant in the range of 6 7.
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Energy and precursor ion mass resolved studies provide further insights into the
nature of these processes. In addition, the relative rates between different fragmentation
times as indicated by the AFTs provide evidence for the nature of the overall mechanism.
For example, sequential decay processes must have a shorter AFT for the larger fragment
than that of the resultant smaller fragment. After the inspection for this trend, sequential
fragmentation times (SFTs) are calculated for the likely sequential decay processes of
peptides (Chapter 4). If the above mentioned trend is reversed for the AFTs, the
possibility of a sequential process can be ruled out suggesting a parallel fragmentation
mechanism (Chapter 4 and 5).
As described in this Chapter, further improvements are possible to this method
including increased resolution, capability of studying smaller compounds that cannot be
mass selected when MALDI method is used, extended observation time windows and
extended studies of the comparisons between theoretical and experimental peak shapes.
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