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General introduction

Mass spectrometry is an increasingly important analytical tool for numerous applications
in polymer chemistry, life science, environmental and marine science, archaeology, and
art conservation. The remarkable developments of both instrumentation and methodology
over the past decades have revolutionized the capabilities of mass spectrometry, ranging
from the analysis of macromolecules with molecular weights of hundreds of thousands to
measurements of attomoles of compound. There is an increasing push for higher mass re-
solving power and mass accuracy for larger molecular weights, higher sample throughput
and more possibilities to obtain structural information. This thesis addresses the devel-
opment and improvement of mass spectrometric methodologies with respect to trapped
ion mass analyzers and the coupling of these analyzers with laser desorption techniques.
In the next sections, the relevance of these subjects is clarified. Section 1.1 describes the
advantages of laser desorption techniques compared to other desorption/ionization tech-
niques. Section 1.2 deals with the special properties of trapped ion mass spectrometers
and their ideal match with laser desorption techniques.

1.1 Desorption and Ionization of Large Molecules

A major issue in mass spectrometry is the formation of intact gaseous ions from com-
pounds in the condensed phase. This process can be a severe problem if the compounds
are polar, nonvolatile, of high molecular weight or thermally labile. Several desorp-
tion/ionization techniques have been developed to achieve this problematic conversion.
These are generally referred to assoft ionizationtechniques, because of the (virtual) ab-
sence of fragmentation induced by the desorption and ionization event.

The various soft ionization techniques use different physical approaches to produce
ions:

� A high electric field is applied to the sample in field desorption (FD) mass spec-
trometry [1].
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� Ions are directly formed from small, charged liquid droplets in thermospray ioniza-
tion [2] and electrospray ionization (ESI) [3].

� The sample is bombarded with highly energetic atoms or ions in fast atom bom-
bardment (FAB) [4],252Cf plasma desorption (PD) [5], and secondary ion mass
spectrometry (SIMS) [6].

� Short and intense pulses of laser light are used to induce the formation of ions
in laser desorption (LD) [7, 8] and matrix-assisted laser desorption and ionization
(MALDI) [9].

Obviously, the choice for a particular ionization technique depends on the nature of the
compounds under study and the type of information that is desired.

Application of the first two approaches (FD and ESI) to solid materials often requires
time consuming sample preparation and separation steps before analysis. In addition,
these methods do not readily allow the preservation of spatial information, which is of-
ten also of interest in the analysis of surfaces. Techniques based on the bombardment of
the surface with energetic particles or photons do not encounter these difficulties. Sam-
ple preparation is usually not required. In addition, the primary beams can be focused
to very small spot sizes. This allows localized desorption of surface material and makes
it straight forward to couple the mass spectrometric information to spatial information.
For example, SIMS is widely used for spatially resolved mass spectrometric characteri-
zation of semiconductors. If however dielectric materials are studied by means of SIMS,
the analyses are complicated by a build-up of charge at the sample surface, as both the
probe beam and the detected beam are ion beams. Further, SIMS is especially appropriate
for determination of the inorganic fraction and the elemental composition of the sample
surface, whereas it mainly produces non-specific ions from the organic fraction.

For the study of organic solid compounds, laser desorption mass spectrometry is the
most promising technique. Similar to SIMS, a very attractive feature of this technique
is the possibility to investigate complex samples directly, without the need for time-
consuming sample preparation and separation steps before analysis. Additionally, it al-
lows the production of intact gas-phase ions from fragile organic molecules. By virtue
of these features, the technique has proven to be very successful in the characterization
of the constituents at the surface of a broad range of samples, often with the preservation
of spatial information [10–15]. Laser desorption has also been remarkably successful in
the field of macromolecules since the introduction of MALDI. With the restriction that
sample preparation is necessary for MALDI, intact molecules have been analyzed in the
mass range up to3 � 105 u [9,16–18]. In fact, ESI is the only technique that is competitive
to MALDI in these high mass ranges.

1.1.1 Development of LD-MS and MALDI-MS

The development of high power lasers as a tool in mass spectrometry for vaporization,
atomization and/or ionization of materials starts only a few years after the discovery of
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the laser principle and goes back to the early 1960s. It was initiated by the problems
posed by the trace analysis in dielectric samples with the then commonly used spark-
sources. Honig [19] used in 1963 for the first time a laser for the production of ions
for mass spectrometric analysis of non-conducting materials. Other early uses include
the vaporization of graphite [20, 21] and coal [22] as well as elemental analyses [23].
The applicability of laser desorption to organic compounds was demonstrated in 1966 by
Vastola and Pirone [24,25]. They reported the laser mass spectra of sodium hexylsulfonate
salts. This is often cited as one of the first laser desorption results, because there was no
fragmentation observed and the positive charge was carried by a sodium cation adduct. In
the following period, a variety of lasers with wavelengths ranging from the far-UV to the
far-IR and pulse widths ranging from picoseconds to continuous irradiation was combined
with virtually every available type of mass spectrometer. It is not surprising that this led
to a proportional variety in the results. Consequently, different combinations of lasers and
spectrometers have evolved for different applications [7,8].

The interest in the use of laser desorption for the analysis of non-volatile, high molec-
ular weight, organic molecules probably originates from the work by Posthumus et al. [26]
in the late 1970s. They used IR laser light to obtain mass spectra of oligosaccharides, gly-
cosides and peptides in the mass range up to�1225 u with sector instruments. Around the
same time, laser desorption was also applied in spatially resolved analyses. Given the fact
that laser beams can be focused to spot sizes close to the diffraction limit of about 0.5�m
for UV light (although 5�m is a more common value in practice), the laser desorption
technique is ideally suited for spatially resolved analyses. Spatially resolved laser des-
orption, generally referred to as Laser Microprobe Mass Spectrometry (LMMS), became
widely available with the introduction of commercial instruments, such as the LAMMA-
500 [27], the LAMMA-1000 [28], and the LIMA [29]. In the following decades, it has
been demonstrated that (spatially resolved) laser desorption is applicable to a variety of
problems, both organic and inorganic in nature, and to a broad range of samples, conduct-
ing as well as nonconducting materials, thin sections as well as bulk materials. Depending
on the experimental conditions, information was obtained on the elemental composition
of the materials, or detailed speciation of inorganic compounds and structural characteri-
zation of organic molecules was demonstrated.

Several reviews [7, 8, 13–15, 30] describe applications, fundamentals, potential and
limitations of laser desorption and LMMS. All early laser desorption experiments on or-
ganic molecules revealed an upper limit to the molecular weight of molecules that could
be desorbed as intact ions. A rough estimate for this limit was�1000 u for biopolymers
and up to 9000 u for synthetic polymers, depending on the analyzed molecules and laser
parameters. A breakthrough toward higher masses came with the introduction ofMatrix
AssistedLaser Desorption and Ionization (MALDI) by Karas and Hillenkamp [31, 32]
and by Tanaka and coworkers [33]. According to the MALDI technique, a low concen-
tration of analyte molecules is embedded in a matrix consisting of species that highly
absorbs the applied laser light. Since its introduction, the technique has evolved as one
of the most successful volatilization and ionization methods for a wide variety of high



4 CHAPTER ONE

molecular weight molecules, such as peptides, proteins, oligosaccharides, and synthetic
polymers. Several reviews illustrate the continuously growing scope of MALDI-MS ap-
plications [9,16–18,34].

1.1.2 On Volatilization and Ion Formation in the Process of Laser
Desorption

Numerous experiments have been performed to elucidate the nature of the laser desorption
process. However, due to the many parameters that are essentially different for the various
applications of laser desorption (i.e., without spatial resolution, LMMS, and MALDI), a
proportional number of desorption mechanisms has been proposed. Although many of the
mechanisms involved are still not unequivocally proven, it is nowadays generally accepted
that the observed phenomena must be related to the principal mechanisms that are referred
to as thermal, shockwave driven, and resonant processes and gas phase processes at the
selvedge [35]. It is beyond the scope of this introduction to discuss the details of these
ion formation modes. Instead, the main experimental observations and empirical rules are
briefly summarized.

Firstly, measurements of the kinetic energy distributions of gaseous ions and neutrals
produced by laser desorption led to the following observations:

1. Immediately after a laser pulse, particles are emitted that have relatively high ki-
netic energies. The ions that are emitted in this early stage are usually small frag-
ments or even atomic.

2. Protonated or cationized molecules have relatively low kinetic energies.

3. In comparison to the number of ions, many more neutrals are emitted, and the
release of these neutrals occurs for longer times.

Secondly, after more than two decades of systematic observations, two experimental re-
quirements for the detection of undegraded species with laser desorption mass spectrom-
etry have evolved:

1. Best results are obtained if efficient and controllable energy transfer to the sample
is realized, which requires resonant absorption by the molecules at the laser wave-
length. It has been demonstrated in a series of publications that a match between
the irradiating wavelength and the molecular absorption band of the analyte leads to
a drastic change in molecular ion production vs. production of fragments, threshold
irradiance levels, and the effect of increasing the power density [36–39]. Generally,
lasers emitting in the far UV (coupling with electronic states) and in the far IR (cou-
pling with rovibrational states) are found to give the best results. The disadvantage
of resonant excitation is that also energy deposition into photodissociation chan-
nels can be expected, which explains an upper limit to the size of intact desorbed
molecules of 1000 u for biopolymers and up to 9000 u for synthetic polymers [9].
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On the other hand, in nonresonant desorption experiments the necessary irradiances
are very close to the onset of plasma generation, which again leads to fragmentation
of large organic molecules [38].

2. Thermal decomposition of the thermally labile molecules is avoided by transfer-
ring the laser energy in a very short time (typically 1-100 ns range). It has been
demonstrated experimentally that molecules can be desorbed intact and with rela-
tively low internal energy at high heating rates, whereas they decompose at lower
heating rates [40, 41]. As a consequence of the extremely fast energy deposition a
strongly non-equilibrium population of energy levels in the solid is generated. The
concepts for the relaxation and redistribution of these energy distributions range
from rapid heating (Beuhler et al. [42]) to mechanical approaches (Williams [43]),
to restricted energy transfer (Vertes and Gijbels [44]), to expansion cooling of the
laser-generated plume (Vertes [45]).

Finally, it is presently believed that the use of a matrix in MALDI prevents fragmenta-
tion in the desorption process, even for high molecular weight molecules, because of the
following reasons [9,46]:

1. The strong absorbance of the matrix at the laser wavelength ensures an efficient and
controllable energy transfer, which allows the operation of the laser at relatively
low power densities. On the other hand, the analyte molecules usually exhibit only
moderate absorption at the same wavelength. As a result no excessive energy is
deposited into the analyte, which prevents decomposition.

2. The dilution of the analyte in a very high excess of matrix prevents association of
the analyte molecules and reduces strong intermolecular interactions. These would
otherwise lead to complexes too large to be desorbed and analyzed.

3. Analyte ionization may be strongly promoted by photochemical reactions. Pho-
toexcitation or photoionization of matrix molecules followed by proton (or cation)
transfer to the analyte molecules is supposed to be a major ionization mechanism
for analytes, which can form stable cationized ions.

1.2 Mass Analysis of Ions Produced by Laser Desorption and
Ionization

Once the choice for the optimal ionization technique has been made, the ideal type of mass
analyzer is still to be determined. The aspects that determine whether a mass analyzer is
suitable for a specific application include the mass range of interest and the desired mass
resolution and accuracy. But first of all, the mass analyzer must be compatible with the
applied ionization technique.

The pulsed nature of the ionization process in laser desorption allows scanning instru-
ments to monitor only a single mass [47] or a narrow mass range if array detection [26]
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or rapid scanning [48] are applied. For this reason, quadrupole mass spectrometers and
magnetic-sector instruments are rarely employed in combination with laser desorption. In
contrast, Time-of-Flight (TOF) instruments are capable of panoramic registration of the
mass spectrum with quasi-unlimited mass range for each individual laser pulse. In addi-
tion, TOF instruments are the mass analyzers with the highest sensitivity and their pulsed
mode of operation matches ideally the pulsed nature of the laser desorption process. It is
therefore not surprising that TOF instruments are mostly used in combination with laser
desorption, especially since the introduction of commercially available TOF-based laser
microprobes.

Limitations in mass resolution of TOF instruments, however, point to the need for
high mass resolution experiments. The Fourier Transform Ion Cyclotron Resonance Mass
Spectrometer (FTICR-MS), which is the most distinguished trapped ion mass analyzer,
offers unequivocally high mass resolution, while the covered mass range for each laser
pulse is still around104 u (for singly charged ions). The combination of FTICR-MS with
laser desorption is particularly attractive because the production of discrete ion bunches
matches its discontinuous mode of operation. Furthermore, optimization of the mass
resolution does not necessarily decrease the signal intensity and ion detection is non-
destructive. The latter means that the ions remain available for subsequent experiments
such as collision induced dissociation and tandem mass spectrometry. The coupling be-
tween laser desorption and FTICR-MS has been pioneered by McCreary [49] et al. and
Wilkins et al. [50]. In the following years, outstanding mass resolving powers have been
evidenced, which ranged from 60,000 atm=z 6000 for synthetic polymer distributions [51]
to 3,600,000 for elemental silicium ions [52].

The second type of trapped ion mass analyzers is the quadrupole Ion Trap Mass Spec-
trometer (ITMS), which was invented by Paul and Steinwedel [53]. Routine use of an ion
trap for mass spectrometry has been made feasible by a new mode of operation that was
developed by Stafford et al., called mass selective instability [54]. The use of an ITMS
as the mass analyzer in laser desorption experiments is a relatively new and unexplored
area. The earliest reports of this combination date from only 1989 [55,56]. Nevertheless,
the ITMS is particularly appealing in its possibility of performing multiple-stage mass
spectrometry experiments, the lack of pressure problems, its high sensitivity (comparable
to the sensitivity of TOF analyzers), the low costs of manufacturing, and its ease of op-
eration. Similar to FTICR-MS, the ion trap also matches the generation of discrete ion
bunches excellently.

1.3 Overview of this Thesis

The central theme of the work presented in this thesis is the coupling of the laser desorp-
tion technique to the two types of trapped ion mass analyzers. Despite the attractiveness
to implement laser desorption in trapped ion mass analyzers outlined in section 1.2, this
coupling is certainly not trivial. Possible problems arise from the broad kinetic energy
distribution of ions produced with lasers. Ions with high kinetic energies are difficult to
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recover by the application of low trapping potentials. Also the relatively limited dynamic
range of trapping instruments can be a pitfall in analytical applications. These are typical
issues that initiated the experiments described in this thesis.

From the viewpoint of the two types of trapped ion mass analyzers, i.e., the FTICR-
MS and the ITMS, this thesis can be divided in two parts. Experiments performed with
the FTICR-MS instrument are presented in the first part (Chapter 3,4, 5, and 6), while the
second part deals with experiments performed in the ITMS instrument (Chapter 7 and 8).
These chapters are preceded by a discussion on the operation principles and the hardware
of the two trapped ion mass spectrometers in Chapter 2.

The first part starts with the implementation of laser desorption in the FTICR-MS
instrument in Chapter 3. The performance of the new configuration is characterized by
results of MALDI measurements of synthetic polymer samples. On basis of these results,
new methods for processing the mass spectra are developed. These concern on the one
hand the optimal utilization of the instrumental mass accuracy for the determination of
polymer repeating units and end groups, and on the other hand the correction for a mass
discrimination effect that is inherent to discrete ion bunches analyzed by external ion
source FTICR-MS. Initiated by the growing interest of chemical industry for this subject,
these are applied to a copolymer sample in Chapter 4. The copolymer results prove the
validity of the methodologies proposed to process spectral data for accurate and detailed
characterization of polymer samples and demonstrate the utility of MALDI-FTICR-MS
for polymer characterization.

It became evident in the course of these experiments that the versatility of the FTICR-
MS instrument is immensely expanded if ions can be manipulated in a mass selective
way. Chapter 5 describes the design and performance of a novel arbitrary waveform gen-
erator, which has been constructed to address this need. Its ultra-high mass selectivity
is demonstrated with the isolation of single isotopes in the FTICR-MS cell. In Chapter
6, this waveform generator is utilized to investigate isotope beating as a source of error
in the determination of polymer molecular weight distributions. Also numerical simula-
tions are included in this chapter to investigate the nature of the experimentally observed
distortions.

The second part of this thesis starts with Chapter 7. In this chapter, the coupling of
laser desorption to the ITMS is described. The synthetic polymer samples that were in-
vestigated by MALDI-FTICR-MS, were also studied in the ITMS instrument in order to
characterize its performance. Finally, the experience obtained with respect to laser des-
orption as well as trapped ion mass spectrometry is exploited in Chapter 8 to develop
a novel ion source for spatially resolved analyses. This laser microprobe ion source is
successfully coupled to the ITMS instrument. First results are presented, which demon-
strate that this combination offers great possibilities with respect to the analysis of organic
fractions in heterogeneous surfaces.




