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Chapterr 2 

Principless and instrumentation of spatially-
resolvedd Laser Desorption Mass Spectrometry 

LaserLaser Desorption Mass Spectrometry (LDMS) is a promising analytical 
techniquetechnique for the investigation of samples taken from easel paintings. It provides 
thethe means to chemically characterise solid samples, including non-volatile and 
thermallythermally labile molecules, with a high spatial resolution. The analytical work 
presentedpresented in this thesis addresses the application of LDMS to the investigation of 
thethe local molecular composition of the surface of paint samples and paint cross-
sections.sections. Chapter 2 introduces the LDMS techniques employed in this study and 
explainsexplains the instrumental options taken. It describes two LDMS set-ups tested that 
cancan perform spatially-resolved analysis of paint cross-sections. We will  outline the 
differentdifferent desorption and ionisation techniques employed and discuss their potential 
forfor the study of paint materials. The principles of the two mass analysers, namely a 
Time-of-flightTime-of-flight Mass Spectrometer (TOF-MS), and an Ion Trap Mass Spectrometer 
(1TMS)(1TMS) will  be described. Particular attention is paid to the operation of the ITMS 
inin multiple-stage (MS") experiments. 
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ChapterChapter 2 

2.1.2.1. Introduction 

Inn Chapter 1, LDMS 9 l 9 j has been described as a promising analytical tool 

forr the study of paint materials found in easel paintings because it combines the 

advantagee of laser micro-probing and mass spectrometric analysis. Probing in the 

micrometricc range with a focussed laser beam provides sufficient resolution to 

investigatee individual layers in paint samples (Figure 2.1). Mass spectrometry is a 

well-establishedd technique for the investigation of paint materials at a molecular 
l e v e jj 19,46,80,94-97^ 

Focussed d 
laserr beam 

Figuree 2.1 Principles of spatially-resolved LDMS of the surface of a paint 

cross-section.cross-section. Laser desorption makes it possible to directly analyse 

samplesample material from the surface of an embedded paint cross-

section.section. Ions produced from the surface of the paint cross-section in 

thethe ionization chamber are transferred to the analyser for mass 

separationseparation and detection. (A) ITMS configuration (B) TOF-MS 

configuration. configuration. 

Inn the field of Conservation Science, previous attempts to investigate paint 

cross-sectionss at a molecular level were often hindered by the lack of adequate 

analyticall  instrumentation. Surprisingly enough, spatially-resolved LDMS was - to 

thee knowledge of the author - only applied to the analysis of preservatives in 

archaeologicall  wood 98. The objective of this thesis is therefore to explore 

spatially-resolvedd LDM S as an analytical method for the investigation of the local 

molecularr composition of the surface of paint samples. The use of LDMS is 

expectedd to give new insight into complex analytical questions that were difficult 

orr impossible to address so far. 
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PrinciplesPrinciples and instrumentation 

Differentt LD techniques and different mass analysers have already been 
successfullyy employed to locally convert and analyse molecules from complex 
surfaces.. Van Vaeck " has reviewed the instruments and methodology, as well as 
thee various applications of laser-microprobe mass spectrometry. 

Inn this thesis two mass analysers were utilised for LDMS of paint materials, 
namelyy an Ion Trap Mass Spectrometer (ITMS) and a Time-of-Flight Mass 
Spectrometerr (TOF-MS). The external ion source ITMS arrangement has been 
designedd specifically for the investigation of paint cross-sections and preliminary 
resultss concerning surface analysis of paint material were first demonstrated in 
19999 by Van Rooij ' °. In the meantime we have adapted a commercial TOF-MS to 
performm similar types of analysis. Investigations of paint samples with LDMS are 
performedd in combination with other innovative imaging techniques, i.e., FTIR-
imagingg for the investigation of molecular functional groups distribution 90 and 

TOF-SIMS-imagingg for mapping elemental and low molecular weight components 
101 1 

Inn this chapter we will introduce the different desorption and ionisation 
techniquess employed in our LDMS studies and discuss their respective benefits 
andd limitations for the investigation of artists' paint materials. Subsequently, the 
principless of time-of-flight and ion trap mass spectrometry are introduced and their 
complementaryy character is clarified. Finally the performance of the ITMS 
analyserr in multiple-stage MS experiments (MS") is examined and the particular 
significancee of this instrument for LDMS investigations of complex paint materials 
iss explained. 

2.2.2.2. Laser Desorption Mass Spectrometry for Surface Analyses 

Laserr beams are coherent, monochromatic, directional and intense beams of 
photonss l02. Soon after the development of the first commercial lasers in the 1960s, 
masss spectrometrists realised the benefits for volatilisation and ionisation of 
analytess 103~105. The first uses of lasers in mass spectrometry concerned the 
vaporisationn of graphite, the elemental analysis of metals, isotope ratio 
measurementss and pyrolysis. In the 1970s, laser-induced desorption was applied to 
volatilisee macromolecules with littl e structural damage. The use of Laser-
Desorptionn Mass Spectrometry (LDMS) quickly gained considerable importance 
ass tool for the study of organic and inorganic materials. The real breakthrough 
camee by the end of the 1980s with the introduction of matrices to assist the 
productionn of gaseous ions in Matrix Assisted Laser Desorption and Ionisation 
(MALDI )) experiments l06. The discovery of MALDI dramatically extended the 
rangee of samples amenable to molecular characterisation and widely spread the use 
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off  laser in mass spectrometry as a soft ionization technique. Today lasers are 
routinelyy used for the production of stable ions from non-volatile, polar, thermally 
labile,, and high molecular weight organic materials. 

Thee laser desorption and ionisation technique is part of a wider array of soft 
ionisationn techniques available in mass spectrometry in which energy is transferred 
too the condensed phase under various conditions ,07. Chemical ionisation (CI), 
fieldfield desorption (FD) and plasma desorption (PD), as well as fast atom 
bombardmentt (FAB) - making use of a focussed atom beam for desorption and 
ionisationn - and secondary ion mass spectrometry (SIMS) - with a focussed beam 
off  ions, are only a few examples. 

Att the same time, mass spectrometrists took advantage of the laser 
propertiess to develop "non-destructive " microprobing. Focussed laser beams are 
usedd to perform surface chemical analysis with high spatial resolution, a technique 
alsoo known as laser microprobe mass analysis (LAMMA) . The lateral resolution of 
aa laser microprobe can be ideally pushed to the diffraction limit (which depends on 
thee laser wavelength), but a good balance between analytical sensitivity and spatial 
resolutionn is generally obtained in routine analysis with beams of a few tens of 
micrometerss in diameters. 

Vann Vaeck " surveyed the analytical features of LDMS (lateral resolution, 
sensitivity,, etc) in comparison with other methods currently used for local surface 
analysis:: electron probe X-ray microanalysis (EPXMA), Auger electron 
spectroscopy,, electron spectroscopy for chemical analysis (ESCA) and secondary 
ionn mass spectrometry (SIMS) which provide information on the elemental or 
inorganicc sample composition, micro-Raman and micro-FTIR. A comprehensive 
overvieww of surface characterisation techniques has been recently edited , with a 
sectionn specifically dedicated to the investigation of the molecular composition. 

Microprobee LDMS is especially useful in elemental and inorganic analysis 
andd in the characterisation of complex mixtures and of adsorbates on solid 
surfaces.. Van Vaeck " reviewed the applications of LDMS for organic and 
inorganicc analysis whereas surface analysis of molecular species was discussed in 
aa recent tutorial by Hanley l08. In this thesis, microprobe LDMS is exclusively 
usedd in the forward geometry with the laser hitting the sample surface directly. 
Transmissionn geometry also exists with the laser hitting the back of a thin section. 
Successivee spot analyses, obtained by scanning the surface with the laser beam, 
providee chemical imaging. Late developments of the method took good advantage 
off  motorised micro-positioning and automated data acquisition 

**  In analytical chemistry parlance non-destructive means that the bulk of the sample is recoverable 
afterr analysis, in contrast to other analytical techniques. Strictly speaking, a distinction is made with 
non-intrusivenon-intrusive techniques, which indicates that the analysis procedure leaves the object under 
investigationn undamaged. 
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PrinciplesPrinciples and instrumentation 

Accordingg to the type of desorption and ionisation procedure, different 
typess of analytical information can be obtained. High laser power is useful for the 
speciationn of inorganic substances. Spectra primarily contain signals from 
elementall  ions. Identification of inorganic compounds has to be done by means of 
elementall  ratios. Low laser power, especially in combination with the use of a 
matrixx is appropriate for non-volatile and thermally labile species. Today, local 
analysiss with microprobe MALDI-M S is used in numerous technological and 
fundamentall  fields 109: in biomedicine and biology for the study of toxic elements, 
drugs,, and metabolites at the cellular level in thin tissue sections, in environmental 
researchh to characterise individual aerosol particles, in material technology to 
researchh microscopic heterogeneities and surface anomalies, in the production of 
polymerss to detect the inadequate dispersion of reagents, etc. 

Inn this thesis both LDI and MALDI experiments with a UV laser operating 
att low laser power will be used for the study of traditional and modern organic 
pigments.. We will look at the possibility to identify these pigments as such and 
mixedd with inorganic pigments and organic (oil) and synthetic (acrylic) media. 
LDII  will be explored for the investigation of organic pigments at the surface of 
paintt cross-sections because the technique is selective and leaves the arrangement 
off  the sample undisturbed for subsequent analyses. The technique will be also 
appliedd to analyse dyed fibres in the investigation of historical textiles. MALDI 
cann be used for the investigation of higher molecular weight species, in particular 
paintt media and their additives. 

23.23. Principles of LDMS 

2.3.1.2.3.1. Formation of characteristic ions in LDMS 

LDMSS analysis of samples in the condensed-phase (solids and liquids) 
consistss of three successive steps: (1) volatilisation (2) ionisation and (3) analysis 
off  gas-phase ions on the basis of their mass-to-charge ratio. Gaseous ions are first 
formedd in an ionisation chamber - external to the analyser - by irradiation with the 
laserr beam. Subsequently, ions are introduced in the mass analyser for detection. 

Desorptionn with a laser can bring simultaneously a variety of particles in 
thee gas phase: atoms, molecules, molecular fragments, and polymeric species in 
neutrall  or ionised state. Electrons, radicals and even large clusters can be also 
present.. In this cloud of material, called the laser plume, numerous physical and 
chemicall  reactions can take place. Collisions between neutral and charged particles 
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(i.e.. primary ions) as well as energy redistribution (i.e. metastable ions) can lead to 
thee formation of new ions "- "°- U1 Among all this desorbed material, analytical 
informationn is exclusively obtained from ions (either positive or negative) falling 
withinn the mass range of the analyser. Various methodologies exist to optimise 
ionisationn and detection efficiency, including the recourse to matrices (MALDI) , 
andd the use of auxiliary ionisation techniques to excite desorbed neutrals to the 
ionisedd state by post-ionisation 'l2. 

Inn a mass spectrum, every ion detected is informative. Two classes of 
diagnosticc ions can be distinguished. The first class of ions includes intact 
molecularr ions that directly communicate the mass of the complete molecule, and 
pseudo-- (or quasi-) molecular ions [M+X] *  from which the mass of the original 
moleculee is easily deduced. The second class comprises specific fragment ions that 
providee structural information on the molecule. A sufficient variety of 
characteristicc ions is necessary for the identification of the molecule. Excessive 
molecfulaïï fragmentation and rearrangement should be nevertheless avoided as this 
complicatess the spectra and their interpretation (as this is generally the case in 
SIMSJexperiments).. Conversely the presence of intact molecular ions is particular 
helpfill,, I 

Thee goal of LDMS analyses is therefore twofold: (1) to produce ions in 
sufficientt amounts for their detection and (2) to provide information characteristic 
forr the molecular structure. Several intricate and concomitant processes are 
responsiblee for the formation of gas-phase ions and factors affecting the mass 
spectrtii  a|re manifold. The best experimental conditions must be sought depending 
onn tha type of analyte (e.g. absorption spectrum, form and size of the sample) and 
thee analytical issue at stake. Different desorption and ionisation methodologies can 
bee employed with our two LDMS instruments. A variety of laser wavelengths are 
availablee from ultraviolet to infrared, with different power and irradiance 
characteristics.. Samples can be investigated with direct laser desorption and 
ionisationn (LDI), or if necessary with post-ionisation of the neutral fraction using 
electronn ionisation (LD-EI). Alternatively, a matrix can be mixed with or applied 
onn top of a sample to assist the desorption ionisation process in Matrix-Assisted 
Laserr Desorption/Ionisation (MALDI) . In the next sections, we introduce the 
fundamentalss of these different experimental approaches. 

2.3.2.2.3.2. Laser desorption and ionisation (LDI) 

Inn Laser Desorption and Ionisation (LDI), Figure 2.2, a short laser pulse is 
employedd for the formation of gaseous analyte ions. The interconnection between 
thee desorption and ionisation processes is complex and still not completely 
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understood.. The photon density of the laser beam determines the type of laser-solid 

interaction.. At photon densities below the desorption threshold, no material is 

removedd from the surface. At a photon density above the desorption threshold but 

beloww the ablation threshold, volatilisation and fragmentation of individual intact 

moleculess takes place. At extreme photon densities, ablation " 3 '1 14 starts to occur 

thatt can lead to a combination of atomisation and the expulsion of macroscopic 

partss of the sample surface. The transition from the desorption to the ablation 

regimee is not clearly defined and wil l vary from sample to sample. Moreover, as 

thee photon density of subsequent laser shots is not uniform across the laser beam, 

thee different regimes can occur simultaneously and are physically separated in the 

illuminatedd area. 

Figuree 2.2 (1) LDI process with dominant formation of molecular ions of the 

analyteanalyte [A]' +, [A+H] +, [A-H]~, along with fragments (F4 or F). (2) 

MALDIMALDI processes with dominant formation of pseudo-molecular 

ionion of the analyte [A+H] + with limited fragmentation. The matrix 

(Ma)(Ma) is represented in gray. 

Variouss ionisation mechanisms are assumed to contribute to some extent to 

thee formation of diagnostic ions, and different tentative models have been 

proposedd in the literature " ' ' " . Two principal ion formation mechanisms can be 

outlinedd however: 

Thee laser pulse acts both as the desorption and ionisation agent. Different 

excitationn processes are possible (Figure 2.3) all leading to combined desorption 

andd photo-ionisation of the analyte and the formation of radical cations M* + (and 

M*" ) ) 

Ionss are formed by photochemical ionisation either in the gas or in the 

condensedd phase. Ion-molecule reactions are responsible for the formation of 

secondaryy ions such as protonated molecules [M+H] + and cationized molecules, 

e.g.. [M+Na]+ and [M+K] +. High neutral pressure in the plume can additionally lead 
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too the formation of clusters such as [2M+H]+. Photochemical ionisation is 

particularlyy enhanced in the MALD I process (see below). 

M/ML M/ML //ÏÏJ/// //ÏÏJ/// 

1 1 

) ) 

> > 

k k 

k k 

k k 

IONISATION N 
CONTINUUM M 

(a) ) (b) ) (c) ) 

Figuree 2.3 Energy-levelEnergy-level diagrams (after tubman) showing multi-photon 

ionisationionisation (MPI) transitions for (a) non-resonant multi-photon 

ionisationionisation (b) resonant two-photon ionisation and (c) resonance-

enhancedenhanced multi-photon ionisation (REMPI). 

Rapidd and intense energy deposition is necessary to induce laser desorption 

off  solid analytes and avoid excessive sample consumption at the same time. This 

requirementt is met by high energy densities and short pulse widths (typically 500 

fss - 500 ns) supplied by pulsed lasers . Since desorption is not necessarily a 

resonantt process, wavelengths ranging from the far UV to the far IR regions can be 

employed.. Common types of lasers used are CO2 lasers with output at 10.6 urn; Er-

YA GG lasers at 2.94|am ; frequency-tripled or quadrupled Q-switched Nd:YAG 

laserss at respectively 355 nm and 266 nm; Nitrogen lasers at 337 nm; excimer 

laserss with variable gas mixtures operating at wavelengths ranging from about 190-

3500 nm. 

Threee parameters are necessary to describe a pulsed LD experiment: energy of the laser pulse (in 
J),, pulse duration in seconds (generally given in ns), and surface area of irradiation in m2 (generally 
givenn in um or mm2). These parameters can be combined to give the laser power - energy / 
durationn (in J/s), the irradiance (or intensity) = power / surface (in W/m2), and the ftuence (or 
energyy flux) = energy / surface (in J/m2). The photon energy is proportional to the wavelength 
accordingg the relation E=hv. 
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Focussingg optics serve to reduce the size of the laser beam and increase the 
photonn flux. Highly focussed beams (ca. 10 |im) are used for spatially-resolved 
measurements,, whereas larger spot sizes can be preferred to examine contaminants 
thatt sparsely cover a surface or to ensure a larger ion production or better surface 
coverage. . 

Thee laser power density*, that determines both the desorption rate and the 
energyy deposition in the desorbed species, greatly affects the spectral information. 
Inn the low laser power density range, soft ionisation can lead to the formation of 
intactt molecular ions as will be discussed in more detail in Chapter 3. 

Onee important aspect of LDMS of organic components is the fact that the 
analyticall  information varies with the laser wavelength. Two wavelength ranges 
cann be roughly distinguished to outline general features of the desorption and 
ionisationn processes : 

1)) In the ultraviolet (UV) range photons of short wavelength are 
sufficientlyy energetic to excite the electronic state of the analyte molecules. Laser 
energyy which is absorbed by the surface - typically in the range of 10 W/cm for 
heatingg rate of 106K/s - induces desorption through internal energy conversion into 
rovibrationalrovibrational energy. Ideally, rapid energy delivery during laser-solid interaction 
couldd overcome the forces that bind the sample molecules together in the matrix 
withoutt inducing fragmentation. Ejection of high molecular-weight ions and 
neutralss is caused by the shock wave in the peripheral region of the laser spot, 
impartingg kinetic energy. In practice however, although molecules can be brought 
intactt into the gas phase, a certain degree of fragmentation is unavoidable. 
Desorptionn of the molecules from the surface can be accompanied by a transition 
too the ionic state (ejection of an electron), a process known as laser desorption 
ionisationionisation (LDI). The LDI process, which depends on the photon energy, can be 
thee result of either single photon or multiphoton excitation. Since photon density is 
veryy high within the laser beam, there are significant chances of more than one 
photonn being absorbed by a molecule before internal energy conversion returns it 
too the electronic ground state. An electronically excited molecule will ionise either 
byy absorption of additional photons such that the sum of the energy of the absorbed 
photonss exceeds its ionisation energy (Figure 2.3), or through a gas-phase ion-
moleculee reaction leading to a cationized species. Multi-photon ionisation is 
provedd particularity efficient when resonance conditions apply, a process known as 
resonance-enhancedd multi-photon ionisation (REMPI). REMPI is a very sensitive 
andd a very selective technique '16. However the low selectivity of non-resonant 

'' Photon energy absorption by the analyte is controlled during measurements by tuning the fluence 
off  the laser, but it is important to remember that the energy of the photons remains unchanged 
becausee it is fixed by the laser wavelength. 
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ionisationn better suits the study of paint materials since it provides, despite its 
lowerr sensitivity, a wider range of analytical information. 

2)) In the infrared (IR) range, energy deposition induces desorption through 
rovibrationall  excitation. This generally results in a much higher thermal 
decompositionn in comparison to UV-LDI . Heating rates are much smaller (103K/s) 
thann in the UV range because usually less energy is absorbed at longer 
wavelengths.. Photon energy is generally not sufficient to directly produce 
molecularr ions because of the lack of electronic excitation. For that reason IR-LD 
resultss essentially in the vaporisation of neutral species. Auxiliary forms of 
ionisationn are then necessary such as the use of a matrix for IR-MALDI 
experiments,, or the use of post-ionisation of the desorbed neutrals for temporally 
andd spatially separated two-step desorption/ionisation "7. 

2.3.3.2.3.3. Matrix-assisted laser desorption/ionisation (MALDI) 

Inn early years, the application of LDMS to the characterisation of solid 
sampless was quite limited as many components were not amenable to formation of 
gaseouss ions by laser desorption, or the high energy required for desorption 
inducedd excessive fragmentation. Optimisation of the laser wavelength (to match 
thee sample absorption maximum and increase selectivity) and the use of post-
ionisationn techniques on the neutral vapours offered only limited improvement. 
Thee introduction of matrices to assist the LDI process l03' 106' "8, a technique 
referredd to as Matrix-Assisted Laser Desorption/ionisation (MALDI ) represented a 
significantt advance, and considerably extended the range of LDMS applications. 
Softt ionisation provided by MALDI quickly evolved to a prevailing routine 
methodd for the study of complex macromolecules . Present investigations with 
MALD II  address the structural characterisation of synthetic polymers and 
biomoleculess such as proteins and nucleic acids. Exceptional highlights include 
characterisationn of DNA with molecular weights of several 100 kDa, detection of 
femtomoless quantities of large biomolecules like proteins, and analyses of complex 
proteinn mixtures. 

Inn order to desorb intact non-volatile and thermolabile molecules, it is 
necessaryy to introduce energy in the system in such a way that thermal 
decompositionn is prevented. The principle of MALDI (Figure 2.2) is to incorporate 
thee sample to be characterised in a light absorbing liquid or solid matrix with a low 
boilingg point. The matrix, which is a highly UV/IR-absorbing compound, serves to 
absorbb sufficient laser radiation to induce vaporisation and moderate the excitation 
off  the analyte molecules. This absorption by the matrix controls the energy 
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subsequentlyy deposited in the sample molecules, which are mainly converted to 
intactt pseudo-molecular ions, such as [M+H]+, [M+Na]+ and [M+K] +. 

Thee mechanism that promotes the ionisation of the macromolecule in the 
matrixx is not clearly understood but is commonly believed to involve photo-
ionisationn combined with ion-molecule reactions with an excited matrix molecule 
inn the gas-phase. Zenobi et al. H1 have recently reviewed the mechanism of 
MALDII  ion formation, distinguishing (1) primary ion formation, such as multi-
photonn ionisation, energy pooling, excited-state proton transfer, disproportionation 
reactions,, desorption of pre-formed ions and thermal ionisation and (2) secondary 
ionisationionisation reactions in the MALDI plume, such as gas-phase proton transfer, gas-
phasee cationization and electron transfer. 

AA detailed account of photo-ionisation and subsequent ion-molecule 
reactionss in MALDI is beyond the scope of this chapter, but we can summarise the 
combinedd contribution of all these different processes by pointing to the formation 
off  three principal types of analyte ions. (1) Proton-transfer (in primary ion 
formationn or secondary reactions) is possibly the most frequently proposed 
MALDII  ionisation model. According to the direction of the proton-transfer (matrix 
too analyte, or analyte to matrix) the process results in protonation [M+H]+ or 
deprotonationn [M-H]~ of the analyte. (2) Cationized molecules are believed to 
resultt principally from ion-molecule reactions in the gas phase. Ubiquitous Na+ 

andd K+ impurities are sufficient to give strong alkali cationized signals, e.g. 
[M+Na]++ and [M+K] +. (3) Ionisation of the matrix followed by electron transfer 
fromm analyte to the matrix radical cation lead to the formation of the analyte radical 
cationn M*+. This process can happen if the analyte has a lower ionisation potential 
thann the matrix and is therefore not commonly observed. 

Althoughh some fragmentation is generally unavoidable MALDI optimises 
thee production of gaseous molecular ions, and molecular (pseudo) ions dominate 
thee mass spectra. Large, non-volatile, labile molecules can be transferred into the 
gass phase as intact ions. Sometimes, the analyte may form adduct ions with 
moleculess of the matrix. Matrix related ions are generally confined to low m/z 
valuess (typically below m/z 1000). Under best circumstances, ionisation yields can 
bee improved by several orders of magnitude and the shot-to-shot reproducibility is 
generallyy far superior to LDI. At the same time the minimal laser power density 
requiredd for production of molecular ions is reduced. Additives can be also 
employedd to promote the cationization of the molecular ion. 

Samplee preparation is crucial to the success of the method and the size of 
thee resulting signal varies greatly with the matrix used. It is thus important to 
carefullyy select the matrix compound in relation to the analytical problem. The 
bulkk of MALDI studies has been achieved with UV laser radiation that provides 
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thee rapid heating necessary to reduce the likelihood of thermal decomposition and 
structurall  fragmentation "9. Spectacular results obtained first with MALDI in the 
ultraviolett regions were later followed with successful investigation in the infrared 
regionss 115. 

2.3.4.2.3.4. LDI and MALDI of paint materials 

UV-LDII  and UV-MALD I seem very promising techniques for the study of 
organicc pigments in paint cross-sections. UV-LDI is particularly attractive since it 
makess it possible to sample the surface of cross-sections directly, i.e. without 
furtherr preparation. In addition, when low laser power is employed, only minimal 
amountss of material are removed leaving the sample "intact" for other methods of 
analysis.. In the case of complex heterogeneous mixtures such as paint cross-
sections,, the volatility, thermal stability and absorption characteristics of the 
differentt components might differ greatly. Therefore the laser wavelength used for 
LDD is essential as it determines the desorption and ionisation efficiency for each of 
thee individual components. Predictably, electronic excitation provided by the UV 
laserr used at low laser power is not likely to volatilise the paint medium 
effectively.. Polymerised and oxidised binding media (dried and cross-linked oils) 
andd varnishes (terpenes) are highly polar components or have high molecular 
weights.. The formation of abundant inter-molecular bonds decreases the volatility 
off  these compounds considerably. In this case rovibrational excitation provided by 
ann IR laser would be far more appropriate to break molecular bonds and yield good 
analyticall  results. However, the high thermal excitation provided by the IR laser is 
expectedd to lead to more fragmentation (laser induced pyrolysis). As a result, the 
studyy of complex heterogeneous mixtures brings up the question of preferential 
desorptionn ionisation. Ion formation, which depends on the local energy 
deposition,, is directly affected by the type of materials in the immediate vicinity of 
thee analyte. Sample morphology and surface texture might be also influential. In 
sampless made up of elements with very different physical properties and first 
ionisationn potentials (IP), the ionisation yield of one component or a group of 
componentss could be much larger than the rest, providing selective analysis. If the 
laserr wavelength would correspond to the sample absorption maximum, LDI 
wouldd be greatly enhanced. 

UV-MALD II  has already been successfully employed in our laboratory for 
thee study of paint materials containing large macromolecular systems such as aged 
mediaa (oxidised linseed oil, and egg tempera), varnishes (terpenic resins and 
syntheticc polymers) and cross-linked matrices, and to investigate complex ageing 
processess such as oxidation and polymerisation. Results have been recently 
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presentedd by Van den Brink on egg lipids and their oxidation products in fresh 
andd artificially aged paint reconstructions. In this procedure, the matrix is 
thoroughlyy mixed with the analyte (extracts of reconstructed samples) and samples 
aree deposited as thin film on a stainless steel probe. In view of these promising 
earlierr results, MALDI will be applied in this thesis to the investigation of organic 
pigments.. The use of a matrix, which is likely to promote the formation of intact 
molecularr ions, can be particularly beneficial to studies of organic pigments (1) 
withh MS/MS where the parent ion is isolated as precursor ion for subsequent 
fragmentationfragmentation with CID, and (2) in complex mixtures (e.g. with lead white, oil or 
acrylicc media, additives) where higher molecular weight and non-volatile materials 
aree found. In addition, one might reasonably assume that the use of a matrix could 
assistt the desorption of the components at the surface of paint cross-sections. 
Thereforee the possibility to deposit matrix in solution on the surface of paint 
sampless to perform spatially-resolved MALDI of paint-cross sections is explored in 
thiss thesis (Chapter 5). Evidently, the matrix should not infiltrate the whole sample 
sincee redistribution of the soluble elements is not wanted. The objective is to 
producee a thin film of matrix crystals at the surface of the section. It will be shown 
inn the case of organic pigments that in LDI the pigment acts as it own intrinsic 
matrix.. This particularity makes it possible to obtain with LDI results as good as in 
MALDI .. Preference will then go to the LDI procedure that saves the complications 
relatedd to the use of an additional matrix. 

2.4.2.4. Instrumentation for the analysis of paint cross-section 

2.4.1.2.4.1. Mass analysers 

Inn the study of paint cross-sections, pulsed lasers are required because they 
producee the adequate laser power and wavelength for desorption and ionisation and 
limitt the sample consumption 9I. 

Scanningg MS analysers that separate ions in space work well with 
continuouss wave (CW) lasers because a relatively steady ion current is generated, 
allowingg time for the mass spectrum to be scanned. However, in the shorter time 
scaless provided by pulsed lasers, they fail to obtain a complete mass spectrum. 

Twoo types of analysers that work in a pulsed fashion, with cumulative and 
time-basedtime-based separation, overcome this limitation and afford appropriate mass 
detection:: Time-of-flight Mass Spectrometers (TOF-MS) and Trapped Ion 
systems,, viz. Ion Trap Mass Spectrometer (ITMS) and Fourier Transform 
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Cyclotronn Resonance Mass Spectrometer (FT-ICR-MS). Although FT-ICR-MS 
systemss outperform ITMS systems in many aspects, their use is nevertheless more 
complexx and they are less cost-effective. 

Inn our laboratory, two instruments were developed to perform LDMS of 
paintt cross-section, one with a TOF-MS analyser and one with an ITMS analyser. 
Thee two instruments present many similarities. In both cases, ions are produced in 
ann ionisation chamber situated outside the mass analyser by means of a pulsed 
laserr with a focussed beam. Whereas the TOF-MS is a commercially available 
instrument,, which needed only a minor adaptation of the sample holder, the ITMS 
arrangementt has been designed specifically for the spatially-resolved LDMS 
investigationn of paint cross-sections. The functioning of Time-of-Flight and Ion 
Trapp Mass Spectrometers has been extensively reviewed in the literature ~ " and 
onlyy the basic operating concepts relevant to the discussion of our analytical work 
aree provided here. 

TOF-MSS provides rapid analysis with high transmission and hence 
sensitivity,, together with panoramic spectrum registration. The absence of high 
masss detector limits is particularly useful in the study of high molecular paint 
componentss (oils, proteins, synthetic polymers). Commercial software provides 
easyy manipulation of the sample holder and data acquisition. 

Thee home-build ITMS instrument provides moderate mass-resolution and 
mass-accuracyy but offers the significant advantage of ion manipulation. Multiple-
stagee analysis (MS") in the ITMS provides the means to investigate ionic structures 
inn greater detail. It is for instance possible to distinguish between isobaric 
moleculess as will be demonstrated in Chapter 4 for yellow organic pigments with 
thee identification of structural isomers. Ion isolation in the trap will also be 
particularlyy advantageous in the study of complex mixtures. Possible limitations 
withh the ITMS arise from trapping efficiency with ion packets of broad kinetic-
energyy range, and from its limited dynamic range. 

2.4.2.2.4.2. Time-of-flight Mass Spectrometer: Set-up and operation 

Thee TOF-MS experimental set-up (Figure 2.4) is a commercial Bruker 
Biflexx TOF-MS (Bruker-Franzen Analytik, Bremen). The ion source is developed 
forr (MA)LDl experiments where samples are deposited as a thin film on a stainless 
steell  probe. The regular Bruker probe has a cylindrical shape with a circular flat 
surfacee of 30 mm in diameter. The probe is introduced in the ionisation chamber 
throughh a vacuum lock and positioned in focus of the laser beam. The ion source 
consistsconsists of a positively or negatively charged metal electrode, i.e., the sample 
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probe,, and a grounded accelerating grid at a distance of about 2 cm. Possible 
acceleratingg potentials are in the range of +25/-20W. 

Laserr system 

Linearr Detector 

Figuree 2.4 Schematic diagram of the Reflection-Time-of-Flight MS (Re-TOF-
MS) MS) 

Microscopicc probe positioning is possible at any place on the circular 
surfacee thanks to an XY sample manipulator and the digital output of a CCD 
(Chargee Coupled Device) camera for observation. The ionisation chamber is 
maintainedd at a pressure of 10"7 mbar by means of a turbopump. The laser is a 
nitrogenn discharge (N2) laser that produces pulses of ultraviolet (UV) light with a 
wavelengthh of 337 nrn (3,68eV), pulse-energy of 150-200 mJ and average duration 
beloww 4 ns. Repetition rate is typically 1-2 Hz. An attenuator allows fine 
adjustmentt of the laser fluence (Figure 3.4). The laser beam diameter is roughly 
estimatedd to some tens of micrometers. Data is processed with the Bruker software 
XMASS.. The laser beam impinges on the sample at an angle of ca. 60° with 
respectt to the surface normal (Figure 2.1). Figure 2.5 shows a picture of the 
instrumentt and a schematic diagram of the source configuration. 

Essentiallyy a TOF-MS is a very precise timekeeper. It separates ions of 
differentt mass-to-charge ratios (m/z) by making use of their mass dependent 
velocityy after they have been accelerated to the same kinetic energy (Figure 2.6) In 
otherr words, the mass of an ion is deduced from its flight-time from the ion source 
too the detector (hence the name time-of-flight). 
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Rotary y 
pump p 

Figuree 2.5 Sample exchange chamber (vacuum lock) of the TOF-MS and 
schematicschematic diagram of the sample introduction chamber. 

Thee firing of the laser in a pulsed laser desorption experiment marks a 
preciselyy defined time of ion generation for time of flight analysis. A detector 
positionedd at the end of the ion trajectory determines the flight time for each ion 
createdd during the desorption and ionisation event. Detection occurs through an 
electronn multiplier, which feeds the signal to a 1 GHz transient recorder. During 
thee LD process ions are formed in different time domains, different positions and 
withh a distribution of kinetic energy. All these processes result in a broadening in 
arrivall  times of ions with the same mass at the detector and adversely affect the 

32 2 



PrinciplesPrinciples and instrumentation 

masss resolution. For example, the ion formation time is known to exceed the laser 
pulsee length, and/or the irregularities of the surface of the sample - a particularly 
likelyy feature of paint cross sections or bunch of dyed fibres - causing a spread in 
flightt times as the path-length will depend on the location where the ions are 
produced.. Here a combination of delayed and pulsed ion extraction scheme (PIE or 
time-lagg focussing) is employed to correct for the effects of temporal, spatial and 
initiall  kinetic energy distribution (Figure 2.7). An extraction pulse is applied after 
firingg of the laser to ensure that all ions get the same additional kinetic energy. 

Laser r 

Drif tt region 

h h 

Detector r 

Figuree 2.6 Basic principle of a TOF mass spectrometer in the linear mode: 
ionsions are produced in the ion source with a focused laser beam. In 
thethe source region, ions are accelerated in an electric field U over a 
distancedistance d. Ions are then separated according to their mass-
dependentdependent flight-time over a distance L in the field-free drift region. 
IonIon counting is achieved with a multi-channel plate detector at the 
endend of the flight tube. 

Thiss fast extraction pulse ensures a well-defined time focus and 
compensatess for the time spread in ion generation. Adding a delay between the 
firingfiring of the laser and the extraction pulse corrects for the initial spread in kinetic 
energy.. In this case after ion generation the ions travel a short distance between the 
samplee surface and the extraction electrode before the pulsed extraction field is 
applied.. During this time delay the ions with a higher kinetic energy will travel a 
longerr distance than the low kinetic energy ions. Therefore the faster ions will 
experiencee a lower extraction potential compared to the low kinetic energy ions, 
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resultingg in a compensation of the total flight time spread for the different initial 

kineticc energies. Al l ions wil l reach the entrance of the detector at the same time, 

thee so-called time focus. Space focussing is obtained with a two-stage extraction 

set-upp and compensates for the different locations where ions are formed. 

Figuree 2.7 Higher mass resolution is obtained with time-lag focussing: pulsed 

andand time-delayed extraction compensate for the spatial, temporal 

andand initial kinetic energy distribution of isobaric ions, (a) two ions 

areare formed at the surface of the sample (b) ions of different kinetic 

energyenergy are corrected by a gradient of potential and (c) enter 

simultaneouslysimultaneously in the flight tube of the analyser. 
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Duee to the consideration above, delayed extraction is used to improve the 
masss resolution of the system. Delayed extraction also leads to a diminution of 
locall  pressure upon acceleration, which lowers collision activation in the extraction 
andd acceleration process, resulting in ions with lower internal energies. This in turn 
reducess the degree of fragmentation in the TOF-MS mass spectra. 

Resolution n 

Masss resolution depends on a number of parameters in the TOF-MS 
system.. The digitisation hardware has an effect on time resolution and is given by 
thee sample frequency of the transient recorder. The accelerating voltage has an 
additionall  influence as it determines the initial kinetic energy. The higher the 
kineticc energy the less relevant the initial kinetic energy spread is. Typically, at a 
samplee frequency of lGhz (1 ns bins) we achieve a resolution of (m/Am)5o% = 
10,0000 resolution in the pulsed extraction mode. This provides sufficient resolution 
too reliably resolve the isotope ratios necessary to support the assignment of the 
peaks.. Note that in a TOF-MS mass resolution depends on the mass range selected. 
Overr the total mass range between 0-500,000 Da we see a drop in resolution to 
approximatelyy 1000. 

Reflectron n 

Inn reality ions of a same mass-to-charge ratio do not have exactly the same 
kineticc energy at the entrance of the drift region, even after time-lag focussing. 
Thiss depends essentially on the exact location where the ions are formed and to a 
smallerr extent on space charge effects, i.e., the action of electrostatic repulsion 
forcess in the ion cloud. For a same mass-to-charge ratio faster high-energy ions 
wil ll  reach the detector sooner than slower low-energy ions. The kinetic energy 
spreadd results in poorer mass resolution. 

AA correction of the energy dispersion is achieved by reflecting the ions in a 
smalll  angle with an electrostatic field, as depicted in Figure 2.8 126. Inside the 
reflectorr a homogeneous electric field is applied to retard and reflect the ions. Ions 
withh same mass-to-charge ratio but higher kinetic energy penetrate deeper into the 
reflectorr compared to their less energetic counterparts. Therefore, the faster 
movingg ions have further to travel, thus spending more time in the reflectron. This 
compensatess also for the kinetic energy dispersion and ensures that ions of same 
mass-to-chargee ratio reach the detector at the same time, which leads to a 
significantt improvement in resolution. Whereas metastable fragmentation due to 
postt source decay (PSD) does not become apparent in the linear mode because the 
fragmentt and the parent ions move with the same velocity, a reflectron instrument 
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wil ll  separate the parent and product ions of different mass, based on their kinetic 

energyy differences. As a result the residence time of parent and fragment ion in the 

reflectronn wil l be different. The linear mode offers however higher sensitivity 

despitee its lower resolution features and is often preferred in the study of large 

analytee ions. 

Laser r 

refl l 

Reflector r 

Detector r 

Figuree 2.8 Basic principle of a TOF mass spectrometer in the reflection mode. 

DuringDuring their travel in the field-free drift region ions cross the 

reflectorreflector region where the electric field Urefl compensate small 

differencesdifferences in initial kinetic energy. 

Calibration Calibration 

Externall  mass calibration is performed before each series of measurements 

too obtain optimal mass accuracy. Deviation within a series of measurements is 

consideredd negligible. A mixture of two samples of polyethylene glycol (PEG) 

presentingg two molecular weight distributions of average m/z 400 and 1000 

respectivelyy serve as calibrant for all types of analyte. For the calibration, a 

MALD II  measurement is carried out with a mixture of a ImM ethanolic solution of 

PEGG and a 1M ethanol solution of 2,5-dihydroxybenzoic acid (DHB). A thin film 

off  calibrant is deposited on the surface of the probe in a similar fashion as for the 

analyte.. The mixture is first deposited with a pipette and the ethanol vehicle is 

36 6 



PrinciplesPrinciples and instrumentation 

subsequentlyy left to evaporate. Differences in laser power and sample preparation 
cann produce differences in the desorption process. Similar experimental conditions 
forr the analysis of calibrant and analyte (thickness of the film, attenuation of the 
laserr power) are therefore the best guarantee to optimise the mass accuracy. For 
thiss reason, the calibrant is deposited in the appropriate groove situated at the same 
levell  as the surface of the sectioned sample when a paint cross-section is 
investigatedd (see section 3.2). 

Calibrationn is achieved with the DHB and the PEG spectral data using 
typicallyy 5 to 10 peaks at regular intervals on the m/z range [0-1500]. Sufficient 
masss accuracy was obtained (ca. 50 ppm at mass 1000) with external calibration 
alone,, and internal calibration involving the mixing of standard compounds with 
thee unknown analyte was not necessary at this stage of the investigations. 

Thee exact position of impact of the laser beam on the probe is determined 
priorr to analysis. This is achieved by spotting a thin layer of an opaque calibrant 
(e.g.. PEG or lead white) on the probe. After desorption of this opaque calibrant a 
clearlyy visible empty space is left at the location of impact. The exact position of 
impactt is then marked on the screen of the camera monitor. Accurate positioning 
off  the probe under the laser beam is then possible, and individual particles of the 
analytee (typically 10-50 micrometers for ground pigments) or a single fabric fibre 
cann be targeted. Adjustment of the camera output (sharpness, clarity and centring) 
iss necessary before each set of analyses to guarantee correct observation of the 
sample,, and accurate targeting of the sample with the laser. Constant attention was 
alsoo given to the size of the focus and form of the laser beam. 

2.4.3.2.4.3. Ion Trap Mass Spectrometer: Set-up and operation 

Ourr second experimental set-up is an external ion source - ion trap mass 
spectrometerr (Figure 2.9 and Figure 2.10) which has been specifically designed for 
surfacee LDMS of paint-cross sections. The mass analyser is a commercial Ion Trap 
Masss Spectrometer (ITMS), from an Esquire® instrument (Bruker-Franzen 
Analytik,, Bremen). The Ion Trap Mass Spectrometer is composed of an ionisation 
source,, a storage cell, and an ion detector. The cell itself is composed of three 
electrodes:: a central ring electrode flanked by two end-cap electrodes (Figure 
2.11).. The rest of the instrumentation consists of an ionisation chamber where 
analytee gaseous ions are produced and a series of electrostatic lenses, which 
transferr these ions to the ITMS for mass spectrometric analysis. Two vacuum 
pumpss maintain the whole system at low-pressure (measured at 2.10"6 mbar in the 
ionisationn region). 
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XYZ XYZ 
Manipulah Manipulah 

ITMS ITMS 

Figuree 2.9 The external ion-source Ion Trap Mass Spectrometer built at 

AMOLF.AMOLF. The sample is positioned under the laser beam with 

micrometricmicrometric precision. Ions are produced from the surface of the 

paintpaint sample (thin film on a metallic probe or an embedded cross-

section)section) and transferred to the ITMS for MS or tandem MS analysis. 

Figuree 2.10 ITMS set-up comprising a XYZ manipulator, a pulsed Nd.YAG laser 

andand an optical microscope equipped with a CCD camera. 
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Thee ionisation chamber was designed to indiscriminately perform non 

spatially-resolvedd analysis on direct insertion probes and spatially-resolved 

analysiss on the surface of paint samples. For non-spatially-resolved analysis, a 

solutionn or suspension of the sample is deposited on the 3 mm diameter tip of a 

stainlesss steel direct insertion probe and the additional solvent is left to evaporate. 

EtJDCAP EtJDCAP 

RlNRlNGELECTRODE GELECTRODE 

ENDCAP ENDCAP 

ionss in 

ringg electrode 

trapped d 
ions s 

*  detector 

entrance e 
endcap p ringg electrode 

exit t 
endcap p 

Figuree 2.11 ITMS cell with its three electrodes. Ions are introduced through the 

entranceentrance endcap and detected after expulsion through the exit 

endcap. endcap. 

Thee probe is first introduced in a lateral transit chamber, which serves as 

vacuumm lock. When the vacuum lock has been pumped down, the probe is 

introducedd inside the ionisation chamber in the focus of the laser beam. For 

spatially-resolvedd analysis, paint cross-sections are first introduced in a sample 

exchangee chamber, which also serves as vacuum lock. When the exchange 
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chamberr has been pumped down, the sample is translated inside the ionisation 
chamberr with an XYZ manipulator. The software-controlled XYZ manipulator has 
aa micrometric lateral precision. Thanks to an optical microscope equipped with a 
CCDD camera the sample can be accurately positioned in the focus of the laser 
beam. . 

Thee frequency-tripled output of a Quanta-Ray GCR-11 (Spectra-Physics 
Inc)) pulsed Nd:YAG laser was used for desorption and ionisation. It produces 
pulsess of ultraviolet laser light with a wavelength of 355 nm (3,49eV), a tuneable 
pulse-energyy of maximum 60 mJ, and duration of 5 ns (also available are the 
principall  emission wavelength at 1064 nm and the second harmonic at 532 nm). 
Repetitionn rate is typically 1-2 Hz. The laser beam is directed onto the sample 
perpendicularr to its surface, or at 45° in the non-spatially-resolved source (Figure 
2.12). . 

Laserr beam 

Pusher r 

Pusher, , 

Extractionn plate 

Laserr beam 

Extractionn plate 

Figuree 2.12 ITMS source configurations: (left) direct insertion probe with a 
laserlaser at 45° and (right) embedded paint sample with a laser at 90° 

Thee spot diameter on target was measured to be approximately 10 um in 
thee spatially resolved measurements and 1 mm in the non spatially-resolved 
measurements.. As the laser beam hits the surface, material is vaporised from the 
surfacee of the sample and expands in the ionisation chamber. Gaseous neutrals can 
bee post-ionised with an electron ionisation beam (LD-EI). Ions are then extracted 
fromm the ionisation chamber and transferred into the ITMS via the ion transfer 
lenses.. Long transfer time in the ITMS set-up - in seconds compared to 
microsecondss in the TOF-MS - and high pressures increase the probability of ion-
moleculee reactions in the gas-phase and thermalisation of internal energy. 

Applyingg an appropriate radio frequency (RF) electric potential to the ring 
electrode,, while the two end-cap electrodes are grounded, creates a trapping 
potentialpotential well within the cell. When gaseous ions are introduced in the cell, ions 
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withinn a certain mass-to-charge range find a stable motion regime and remain 

confinedd in the cell (Figure 2.13). The cell is hence appropriately named an ion 

trap.trap. Trajectories of the ions in the trap describe complex three-dimensional 8-

shapedd revolutions referred to as Lissajous figures. Helium gas introduced in the 

celll  enhances the trapping efficiency by reducing the initial velocity of the ions 

withoutt inducing fragmentation (ion damping). 

Thee conditions for stable ion motion within the cell electrodes depends on 
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E++ D+ C+ B+ A+ M+ m/z 

4.. Spectrum (sequential mass scan) 

Figuree 2.13 Sequence of events during an MS experiment in an ITMS: (1) ions 

enterenter the ITMS (1) and are trapped (2). Mass detection of the 

trappedtrapped ions (3): ions E+ of lowest m/z are ejected from the ITMS 

andand detected, ions D+ of higher m/z, and subsequently ejected and 

detected,detected, and so on with higher and higher m/z: ions C , ions B , 

ionsions A+, up to ions M* (molecular ions). The counting of ions by the 

detectordetector is realised by the successive ejection/detection events in 

time.time. Results are displayed in the form of a mass spectrum (4) 

whichwhich displays the amount of ions as a function of their 

mass/chargemass/charge ratio. 
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thee one hand on the physical and functional parameters of the trap (i.e., size and 
formm of the cavity, potentials applied, pressure in the trap, amplitude and frequency 
off  the RF field, etc.) and on the other hand on ion parameters (i.e., mass/charge 
ratio,, introduction direction and velocity, total amount of ions introduced in the 
trap,, etc.). Frequency and amplitude of the RF field during ion injection impose a 
lowerr mass limit of trapping, called low mass cut-off (LMCO), and also determine 
thee efficiency of the trapping for each m/z. In our experiments the low-mass cut-
offf  ranged typically from m/z 50 up to m/z 100 (i.e. ions below theses masses are 
nott trapped). A difference in trapping efficiency is the combined effect of flight 
timee differences during ion transport and intermittent periods of trapping (duty 
cycle).. During the ion transport between the ion source and the trap, ions of 
differentt m/z travel at a different speed, which results in a time spreading of the ion 
cloud.. For example, with a kinetic energy spread of 1%, an ion of m/z 1000 will 
arrivee at the ion trap analyser 90 p.s after the laser has fired during a time period of 
ca.1.55 jis. An ion of m/z 100 will arrive at the ion trap analyser 29 fj.s after the laser 
hass fired during a time period of ca. 200 ns only (assuming an average kinetic 
energyy of lOOeV and a flight path of 40 cm). Since the ion trap fulfil s the trapping 
conditionn at a particular RF amplitude, trapping is only achieved on periodic time 
interval.. This is responsible for a ca. 50% ion loss in transmission. Accordingly 
differencess in trapping efficiency will be observed for different m/z. Optimal 
trappingg conditions of the ions will be sought by tuning the LMCO, hence limiting 
thee m/z range for panoramic registration. 

Ionss successfully trapped in the storage cell are available for subsequent 
masss spectrometric experiments, i.e., their separation and detection according to 
theirr mass-to-charge ratio. Changing the ion trajectory stability condition in the 
celll  by modifying the trapping potential makes it possible to induce the ejection of 
ionss of a particular m/z toward the detector. In practice, the ion population is 
ejectedd from the trap in order of incremental mass toward the detector for ion 
counting.. In other words, an MS experiment consists of an incremental mass-
scanningg of the trapped ion population in time. The resulting detector-signal is 
convertedd into a mass spectrum, i.e., a graph displaying the ion counts as a 
functionn of the mass-to-charge ratio (m/z). As a matter of fact, the great majority of 
ionss detected in this work are singly charged (z=l). 

2.4.4.2.4.4. Multiple stage experiment with the ITMS 

Trappedd ions can be investigated in multiple-stage MS experiments (also 
calledd tandem-in-time or MS"). MS" experiments are based on successive ion 
isolationn and ion fragmentation events (Figure 2.14). 
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Isolationn of ions of one particular m/z is achieved by mass-selectively 

ejectingg all other ions from the trap by applying the appropriate auxiliary RF 

voltagee to the end caps. After this operation, a mass scanning of the ion population 

wouldd theoretically result in a single peak for the selected m/z. In practice the m/z 

rangee of isolation is rather a Gaussian distribution with Am/z of circa 10 Da. 

1 1 1 1 11 '  4. CID 

Figuree 2.14 Sequence of events during an MS/MS experiment: ions enter the 

ITMSITMS (1) and are trapped (2). Isolation of a particular series of 

ionsions (3), fragmentation of the selected ions (4), mass detection (5) 

i.e.i.e. same operation as in figure 2.13(3), or selection of a particular 

seriesseries of fragment ions for further MS" analysis (6). 

Mass-selectivee fragmentation of ions is accomplished through an operation 

calledd collisional induced dissociation (CID). In CID the secular motion of a 

particularr ensemble of ions in the trap is resonantly accelerated at a specific 

frequency.. Multiple low-energy collisions with inert background (helium) gas 

moleculess cause the internal energy of these ions to build up, which eventually 

resultss in their fragmentation. Stable fragment ions resulting from the collisional 

inducedd dissociation stay confined in the trap. The population of ions resulting 

fromm fragmentation depends on the choice of the CID conditions, i.e., type and 

pressuree of background gas, and the duration and amplitude of excitation. 
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Thee population of fragment ions is then mass-selectively ejected from the 
trap,, resulting in a MS/MS or MS" spectrum. The isolation and fragmentation 
operationn can be reiterated up to several (n) times before recording the mass 
spectrumm which produces an MS" spectrum. 

Strictlyy speaking, the isolation step does not require the performance of 
MS/MSS experiments, as only a specific secular frequency is excited making CID a 
mass-selectivee operation. However, the isolation step is profitable to the analyst as 
fragmentationn can be performed on a 'purified' starting material (similar to a 
chromatographicc step) and yields clear MS/MS spectra. In particular, ejection of 
thee major components can be beneficial to proper detection of the minor 
constituents.. Isolation of a precursor ion makes the link between parent and 
daughterr ions evident. 

2.5.2.5. Conclusion 

Twoo instruments were described that apply LDMS to the study of artists' 
paintt materials and cross-sectioned samples removed from easel paintings. Short 
(pulsed)) bursts of energy from focused UV laser beams result in the local 
formationn of ions from a solid sample for mass analysis, and limit at the same time 
thee sample consumption. TOF-MS and ITMS analysers that pair particularly well 
withh the use of pulsed lasers were employed for mass detection. The combined use 
off  micro-positioning and imaging components makes it possible to accurately 
localisee the area of interest and focus the laser beam for sampling. TOF-MS is 
preferredd for quick and panoramic mass scanning of the analyte, whereas ITMS is 
dedicatedd to multi-stage MS experimental studies used to investigate molecular 
fragmentationn patterns and complex mixtures of samples. Two LD processes are 
usedd for the investigation of paint materials: LDI for the selective desorption of 
organicc pigments, and - where the utilisation of a matrix is possible - MALDI for 
thee study of paint materials containing large macromolecular systems. 
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