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Abstract
This thesis summarizes my efforts to elucidate the ionization mechanism(s) of matrixassisted laser desorption/ionization (MALDI) mass spectrometry. MALDI is a routinely used
ionization technique exhibiting limited analyte molecule fragmentation, and therefore it
allows for studying large intact molecular complexes. Sample preparation involves
embedding the analyte in, or covering the analyte with a matrix: a small ultraviolet- or
infrared-light absorbing molecule. The matrix−analyte mixture forms a preferably cocrystallized solid layer on a metal plate. This plate is introduced in an ultra-high vacuum
chamber, where the solid layer is desorbed/ablated by an ultraviolet- or infrared-laser
pulse of a wavelength matching the absorption of the matrix. Providing that the laser
fluence is sufficiently high, the sample desorption/ablation will result in a partial ionization
of the analyte.
Upon subsequent ion transport of the, depending on the polarity of interest, formed
cations or anions, their separation (if required for detection) and their detection, this allows
for the structural identification of the molecular analyte ion and, if present, its fragment
ions, based on their mass-to-charge ratios.
Elucidating the desorption/ablation and ionization mechanisms has previously been
attempted from many angles and with various instrumental setups. These studies have
resulted in the consensus that two different ionization steps are involved: primary
ionization, where the initial charge separation occurs, and secondary ionization, where the
charge is transferred between the species present in the developing MALDI plume,
consisting of an array of neutral and charged species drifting into the vacuum. The
underlying principles of the initial charge separation are obscured by many physical and
chemical parameters involved in MALDI and hence, the models that have been suggested
for this process are difficult to verify. Previous mechanistic studies rarely focused on the
role of the target plate material herein.
It is interesting to verify the target plate material influence, as the target plate can only
be involved at the onset of the desorption/ablation and ionization process and may
therefore prove essential for primary ionization. Charge transfer processes are bound to
be influenced by the material’s work function, which in turn will be affected by the
presence of the sample layer. Hence, I decided to verify the role of target plate material, as
well as the influence of the addition of cationizing agents to the analyte/matrix mixture
deposited on various target plate materials. Through a solid, broad and systematic
approach, monitoring the analyte’s molecular ion signal strength, an attempt was made to
elucidate the target plate material’s role in the primary ionization process(es) both
qualitatively, as well as quantitatively.
To be able to draw quantitative conclusions from the analyte’s molecular ion signal
strength, the sample deposition technique had to be refined. Classically, analyte and matrix
are dissolved and are deposited as a droplet on the target plate surface and left to dry to
form crystallites. Unfortunately, for some matrices this leads to the formation of large
crystals on the edges of the droplet and limited crystal growth in the center of the droplet,

x

resulting in an inhomogeneous crystal distribution. The design and construction of an
automated spray device, which gives more homogeneous crystallite distributions for a
variety of matrices and analytes, is described. This apparatus gives a significant
improvement in the reproducibility in MALDI measurements. The device can be operated
as an electrospray source, or it can be used for pneumatically assisted spray deposition.
Depending on the signal strength, the standard deviation of the area under the curve of a
signal varies between 0−25% of the mean value, which suffices to distinguish the effect of
the different target plates on the ion signal strength.
By modifying commercial MALDI target plates, different target plate materials could be
inserted into the mass spectrometer and their influence on the ion signal strength could be
evaluated. A commercial MALDI-time-of-flight mass spectrometer was used to acquire
most of the data in this dissertation. The time-of-flight ion transport and separation,
followed by microchannel plate detection requires ion acceleration prior to ion separation
in the field-free drift region. Hence, information on the initial kinetic energy distribution
amongst the formed ions is lost and, additionally, ion fragmentation is induced, due to
collisions with the neutral ablated species. Despite this, the data do provide more insight
in which ionic species are formed and what role the target plate material and the addition
of cationizing agents have on the formation of metal complexes with analyte and matrix
molecules and which redox reactions between these species must occur. The presence of
certain cation complexes indicates that ionization must occur prior to plume development
of the ablated material and that it is likely that electrons tunnel between the target plate
material and analyte and matrix molecules while they are still coordinating with the target
plate’s surface atoms. There are also indications that proton-transfer is facilitated by the
target plate surface and, therefore, a catalytic role for the target plate, if not its oxide layer,
should be considered.
Simply using a commercial stainless-steel target plate has been proven to be limiting the
capabilities of the MALDI method. Employing soft metals, such as silver, lead and tin
provides up to ten times better results. Applying copper target plates in the presence of
sodium chloride, led to the formation of polystyrene copper complexes, whereas in the
absence of the salt, it did not, making the addition of copper salts no longer a prerequisite
for ionization of polystyrene if the target plate is made from copper instead of stainless
steel. This underlines the previous statement that redox reactions are involved in the
ionization mechanism, while the deposited species are all still adsorbed to the surface.
An instrument that allows for ion transport to a detection cell through free diffusion,
followed by well-timed ion trapping, ion-cyclotron resonance detection and subsequent
Fourier transformation of the acquired image current signal, would allow for studying the
ion velocity and hence their kinetic energy distribution with the additional advantage of
reduced ion fragmentation. To enable this method, which would fill in the gaps of the timeof-flight experiments, an open-cell Fourier-transform ion-cyclotron resonance mass
spectrometer was designed and constructed from scratch, partially relying on parts that
were already available in the laboratory. A proof of its functioning is described in this thesis.
In the future, this instrument will allow for further improving the existing methods and for
carrying out mechanistic studies.
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The conclusions drawn from this work have implications with respect to spectral
interpretation in MALDI mass spectrometry. The formation of metal complexes, for
example, with cations originating from the target plate material, is worth mentioning. This
becomes more relevant when increasingly complex samples are studied, e.g. tissue
sections, which contain many salts. Despite my efforts, as could be expected based on the
sheer complexity of the chemical and physical processes, aspects of the ionization
mechanisms remain unclear, however, the existence of preformed complexes, enabling a
fast charge transfer prior to the plume development seems to be most likely involved in
the primary ionization. Furthermore, the target plate material has a big influence on the
outcome of the ionic species formed.
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Zusammenfassung
Diese Dissertation umfasst meinen Einsatz die Ionisationsmechanismen von Matrixunterstützer Laser Desorption/Ionization (MALDI) Massenspektrometrie aufzuklären.
MALDI wird häufig bei der Strukturaufklärung großer molekularer Komplexe eingesetzt, da
bei diesem Ionisationsverfahren nur eine geringe Fragmentierung der Analytmoleküle
erfolgt. Die Probenvorbereitung beinhaltet dabei das Einbetten von Analytmolekülen in
einer Matrix. Als Matrix werden kleine Ultraviolett- oder Infrarotlicht-absorbierende
Moleküle verwendet. Das Matrix-Analyt-Gemisch bildet eine im Idealfall gemeinsam
kristallisierte Schicht auf einer Metallplatte. Diese Platte wird in eine
Ultrahochvakuumkammer transportiert, wo die kristallisierte Schicht durch die Absorption
von ultravioletten oder infraroten Lichtpulsen, je nach intrinsischer Matrixabsorption,
ablatiert/desorbiert. Bei ausreichender Laserfluenz findet Desorption/Ablation und somit
eine teilweise Ionisation der Analytmoleküle statt.
Nach dem Transport der gebildeten Ionen, je nach gewünschter Polarität entweder der
Kationen oder Anionen, und, falls notwendig für Detektion, nach ihrer Trennung und
anschliessenden Detektion, können die Molekül-Ionen und eventuell gebildete FragmentIonen nach ihren Ladung-zu-Masseverhältnissen aufgetragen werden. Diese Information
kann schliesslich benutzt werden, um die Struktur der Analyten zu identifizieren.
Auf verschiedene Arten und mithilfe verschiedenster Methoden sowie Instrumente
wurde bereits versucht, die Desorption-/Ablation- und Ionisationsmechanismen
aufzuklären. Diese Studien haben zu dem Konsens geführt, dass zwei verschiedene
Ionisationsschritte stattfinden müssen. Erstens muss es eine Ladungstrennung geben, die
primäre Ionisation. Darauf folgt die sekundäre Ionisation, bei der die Ladung zwischen den
verschiedenen Spezies, die sich in der entstandenen/entstehenden MALDI-Partikelwolke
aus verschiedenen neutralen und geladenen Molekülen sowie Clustern befinden,
ausgetauscht werden kann. Dieser Prozess erfolgt, während sich die Partikel im Vakuum
verteilen. Die der primären Ladungstrennung zugrundeliegenden Prinzipien werden von
vielen verschiedenen physikalischen und chemischen Prozessen sowie Parametern des
MALDI-Verfahrens überlagert, weshalb es schwierig ist, die bisher in Betracht gezogenen
Modelle zu überprüfen. Bisherige mechanistische Studien haben die Rolle des
Substratmaterials dabei kaum berücksichtigt.
Es ist interessant, den Einfluss des Substratmaterials zu erforschen, da das
Substratmaterial nur am Anfang der Desorption/Ablation und Ionisation einen Effekt
besitzen kann und genau deshalb bei diesen Prozessen auch eine essentielle Rolle spielen
könnte. Die Ladungsaustauschprozesse sind höchstwahrscheinlich von der Austrittsarbeit
des Substratmaterials betroffen, welche selbst auch von der Probeschicht beeinflusst wird.
Aus diesem Grund befasst sich die vorliegende Arbeit zum einen mit der Rolle des
Substratmaterials in Bezug auf die Ionenausbeute, als auch mit dem Einfluss der
kationisierenden Agenzien, welche dem Analyt-Matrix-Gemisch hinzugefügt werden
können. Mithilfe eines allgemeinen und systematischen Ansatzes, in dem die Signalstärke
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der molekularen Analyt-Ionen berücksichtigt wurde die Rolle des Substratmaterials bei der
primären Ionisation qualitativ, als auch quantitativ untersucht.
Um aus der Signalintensität der molekularen Analyt-Ionen quantitative Schlüsse ziehen
zu können, war es notwendig, die Methode der Beschichtung des Substratmaterials mit der
Probe zu verfeinern. Normalerweise werden Analyt und Matrix in Lösung gebracht, ein
Tropfen der Lösung auf die Substratoberfläche platziert und nach Trocknung entsteht eine
kristalline Struktur. Leider führt dieses Kristallisationsverfahren bei manchen Matrizen
dazu, dass sich am Rand des trocknenden Tropfens grössere Kristalle bilden und sich im
Zentrum des Tropfens nur wenige kleine Kristallen befinden. Dies resultiert in einer
inhomogenen Kristallverteilung und einer schlechten Reproduzierbarkeit. Die im Rahmen
der vorliegenden Arbeit entwickelte automatisierte Sprühaufbau hat zu einer
homogeneren Kristallverteilung für eine Vielzahl an Matrizen und Analyten geführt. Der
Aufbau ermöglicht eine signifikante Verbesserung der Reproduzierbarkeit der MALDIMessungen. Er kann für Elektrospray oder pneumatisch-unterstütze Probenapplikationen
eingesetzt werden. Abhängig von der Signalstärke variiert die Standardabweichung des
Integrals der Signalfunktion zwischen 0−25% vom Mittelwert. Somit können die
Unterschiede der Ionsignalstärke für verschiedene Substratmaterialien miteinander
verglichen werden.
Die Modifizierung der kommerziellen MALDI-Substrate ermöglichte es, verschiedene
Substratmaterialen in das Massenspektrometer einzuführen und ihren Einfluss auf die
Ionsignalstärke zu überprüfen. Für diese Dissertation wurde der Grossteil der Daten
mithilfe eines kommerziellen Flugzeitmassenspektrometers aufgenommen. Der
Ionentransport, die Ionentrennung und die Detektion mittels einer Mikrokanalplatte
benötigen eine Ionenbeschleunigung, um die Ionentrennung in einer feldfreien Region zu
ermöglichen. Hierdurch verliert man jedoch die Information über die initiale kinetische
Energieverteilung der ablatierten Teilchen. Des Weiteren hat diese Beschleunigung oft eine
durch Stöße mit neutrale Teilchen bedingte Fragmentierung zur Folge. Trotz dieser
Nachteile können Flugzeitmassenspektrometerdaten Aufschluss darüber geben, welche
Ionen gebildet werden, welche Rolle das Substratmaterial und die Addition
kationisierender Agenzien auf die Bildung von Metallkomplexen mit Analyt-und
Matrixmolekülen haben und welche Redoxreaktionen untereinander stattfinden müssen.
Die Anwesenheit bestimmter Kationkomplexe zeigt, dass Ionisation stattfinden muss,
bevor sich die MALDI-Partikelwolke entwickelt, und dass es wahrscheinlich ist, dass die
Elektronen zwischen Substratmaterial und den an den Atomen der Substratoberfläche
koordinierenden Analyt- und Matrixmolekülen tunneln müssen. Es gibt auch Hinweise,
dass Protonenübertragung von der Substratoberfläche ermöglicht wird und deshalb eine
katalytische Rolle entweder des Substrats selber oder seiner Oxidschicht in Betracht
gezogen werden muss.
Die vorliegende Dissertation macht deutlich, dass die Anwendung von kommerziellen
Substraten aus rostfreiem Stahl die Möglichkeiten des MALDI-Verfahrens eingrenzen. Das
Verwenden von weichen Metallen wie Silber, Blei oder Zinn erzielte bis zu zehn Mal bessere
Ergebnisse. Das Verwenden von Kupfersubstraten in der Anwesenheit von Natriumchlorid
hat die Bildung von Kupfer-Polystyrol-Komplexen erlaubt, obwohl dies in Abwesenheit
dieses Salzes nicht der Fall war. Dementsprechend muss die Addition von Kupfersalzen
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nicht mehr als Voraussetzung für die Ionisation von Polystyrol gesehen werden, solange
das Substrat aus Kupfer anstelle von rostfreiem Stahl besteht. Dies unterstreicht nochmals,
dass Redoxreaktionen ein Teil des Ionisationsmechanismus sind, während die
Probemoleküle noch an der Oberfläche adsorbiert sind.
Ein Instrument, welches Ionentransport in Richtung Detektionszelle mittels freier
Diffusion erlaubt, gefolgt von gezieltem Auffangen der Ionen und anschliessender
Detektion
mittels
Ionenzyklotronresonsanzmassenspektrometrie
mit
Fouriertransformation, würde das Studieren der Ionengeschwindigkeiten und damit der
kinetischen Energieverteilung ermöglichen. Hierbei wäre der zusätzliche Vorteil, dass die
Ionenfragmentierung reduziert wird. Um diesen Aufbau, welcher das Problem mit den
Flugzeitmessungen beheben würde, zu realisieren, wurde ein auf eine offene Zelle
basierender
Fouriertransformations-Ionenzyklotronresonanzmassenspektrometer
entworfen und gebaut, welcher hauptsächlich aus Teilen besteht, die bereits im Labor
vorhanden gewesen waren. Der Beweis für die Funktionalität dieses Instruments wird in
dieser Dissertation beschrieben. In Zukunft wird dieses Instrument es ermöglichen, die
bereits bestehende Methoden für mechanistische Forschung weiter zu optimieren.
Die Schlussfolgerungen meiner Arbeit werden Folgen für die Interpretation der MALDIMassenspektren haben. Erwähnenswert ist hierbei beispielsweise die Bildung von
Metallkomplexen, bei denen die Kationen vom Substratmaterial abstammen. Ihre Relevanz
nimmt mit steigender Komplexität der Proben, welche mit Hilfe dieses Verfahrens
analysiert werden, wie zum Beispiel Gewebeschnitte, die viele Salze enthalten, zu. Trotz
meines Einsatzes und aufgrund der Komplexität der vielen physikalischen und chemischen
Prozessen, die bei MALDI relevant sind, ist es mir nicht gelungen die
Ionisationsmechanismen vollständig aufzuklären. Allerdings spielt die Existenz
vorgeformter Komplexe, welche eine rasche Ladungsübertragung ermöglichen bevor sich
die MALDI-Staubwolke entwickeln kann, sehr wahrscheinlich eine wichtige Rolle und macht
einen Teil der primären Ionisation aus. Zudem ist es basierend auf dieser Arbeit
offensichtlich, dass das Substratmaterial in Bezug auf die gebildeten Ionen eine wesentliche
und wichtige Rolle spielt.
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Samenvatting
Dit proefschrift omvat mijn inspanningen om de ionisatiemechanismen van matrixondersteunde laser desorptie/ionisatie (MALDI) massaspectrometrie op te helderen.
MALDI is een vaak gebruikte ionisatietechniek, waarbij weinig tot geen fragmentering van
de analytmoleculen optreedt, waardoor het uitermate geschikt is om grote intacte
moleculaire complexen te bestuderen. Het monster wordt voorbereid door de
analytmoleculen in te insluiten, of door het bedekken ervan met een matrix: een klein
ultraviolet- of infraroodlicht-absorberend molecuul. Dit matrix-analyt-mengsel vormt een
bij voorkeur met elkaar gekristalliseerde vaste laag op een metalen plaat. Deze plaat wordt
in een ultrahoog vacuüm gebracht de vaste laag wordt gedesorbeerd/geablateerd door het
absorberen van lichtpulsen in ofwel het ultraviolette bereik, of in het infraroodbereik,
afhankelijk van de gekozen matrix en zijn intrinsieke absorptie. Indien aangenomen wordt
dat de laserfluentie adequaat is, vindt er desorptie/ablatie plaats, alsmede gedeeltelijke
ionisatie van de analytmoleculen.
Na transport van de gevormde ionen met de polariteit van interesse, respectievelijk
kationen of anionen, en, indien noodzakelijk voor hun detectie, hun scheiding, gevolgd
door de detectie, kunnen de molecuulionen en de eventueel gevormde fragmentionen op
de massa-ladingsverhouding worden geïdentificeerd. Deze informatie kan worden gebruikt
om de structuur van de analyten op te helderen.
Met heeft reeds op verschillende wijzen, met verschillende methoden en instrumenten
verzocht de desorptie-/ablatie- en ionisatiemechanismen te verklaren. Deze studies
hebben tot de consensus geleid dat twee verschillende ionisatiestappen moeten
plaatsvinden. Als eerste moet er een ladingsscheiding plaatsvinden, de primaire ionisatie.
Dit wordt gevolgd door de secundaire ionisatie, waarbij de lading tussen de verschillende,
in de zich ontwikkelende MALDI-stofwolk aanwezige, neutrale en geladen moleculen en
clusters, uitgewisseld worden kan, terwijl die zich verspreiden in het vacuüm. De
onderliggende principes van de primaire ladingsscheiding worden verhuld door vele
verschillende fysische en chemische processen en parameters die intrinsiek zijn voor
MALDI en daarom is het moeilijk om de tot op heden gesuggereerde modellen te toetsen.
Voorgaande mechanistische onderzoeken hebben zich daarbij vrijwel niet toegespitst op
de rol die het substraatmateriaal speelt.
Het is interessant om de invloed van het substraat na te gaan, omdat het substraat alleen
aan het begin van de desorptie/ablatie en ionisatie een rol kan vervullen en hierbij daarom
ook een essentiële rol zou kunnen spelen. De ladingsuitwisselingsprocessen worden
hoogstwaarschijnlijk beïnvloed door van de werk functie van het materiaal, welke
eveneens door de aanwezigheid van de monsterlaag wordt beïnvloed. Derhalve wordt in
dit werk de rol van het substraatmateriaal bestudeerd, alsmede de invloed van
kationiserende middelen die aan het analyt/matrix-mengsel kunnen worden toegevoegd.
Door een solide, brede en systematische aanpak, waarbij de signaalsterkte van de
moleculaire analytionen werd nagegaan, werd de rol van het substraatmateriaal in de
primaire ionisatie, zowel kwalitatief als kwantitatief bestudeerd.
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Om kwantitatieve conclusies te kunnen trekken uit de signaalintensiteit van de
moleculaire analytionen, was het noodzakelijk de methode om monsters op de substraten
aan te brengen te verfijnen. Normaalgesproken lost men analyt en matrix op en brengt
men een druppel van deze oplossing aan op het substraatoppervlak en laat deze drogen,
waarbij een kristallijne structuur ontstaat. Helaas leidt deze vorm van kristallisatie er bij
sommige matrices toe dat er grote kristallen gevormd worden aan de rand van de
opdrogende druppel en dat er zich nauwelijks en slechts kleine kristallen bevinden in het
hart van de druppel, wat resulteert in een inhomogene kristalverdeling. De in het kader van
dit proefschrift ontwikkelde geautomatiseerde sproei-installatie heeft tot een meer
homogene kristalverdeling voor verscheidene matrices en analyten geleid. Dit apparaat
maakt een significante verbetering van de reproduceerbaarheid van de MALDI-metingen
mogelijk. Het kan worden ingezet voor electrospray, of pneumatisch-gedreven depositie.
Afhankelijk van de signaalsterkte, varieert de standaardafwijking van de oppervlakte onder
de signaalfunctie tussen 0−25% van het gemiddelde, en dit maakt het mogelijk om
verschillen in de ion-signaalsterkte voor de verschillende substraatmaterialen te
onderscheiden.
Het aanpassen van de commerciële MALDI-substraten maakte het mogelijk om
verschillende materialen in de massaspectrometer uit te testen en hun invloed op de ionsignaalsterkte na te gaan. Een commerciële MALDI-time-of-flight-massaspectrometer werd
ingezet voor het verzamelen van de meeste data in dit proefschrift. Het ionentransport, de
ionenscheiding, gevolgd door detectie met een microkanaalplaatdetector, vereist
ionenversnelling om de ionenscheiding in de veld-vrije regio mogelijk te maken. Hierdoor
verliest men informatie over de aanvankelijke kinetische energieverdeling over de
verschillende geablateerde deeltjes en daarnaast kan deze versnelling fragmentatie tot
gevolg hebben, aangezien de versnelde ionen met grote snelheid op de neutrale deeltjes
kunnen botsen. Ondanks dit nadeel, kan deze data een beter beeld geven over welke ionen
gevormd worden en wat voor rol het substraat materiaal en de toevoeging van
kationiserende middelen hebben op de vorming van metaalcomplexen met de analyt- en
matrixmoleculen en welke redoxreacties onderling plaats moeten vinden. De aanwezigheid
van bepaalde kationcomplexen geeft aan dat ionisatie plaats moet vinden voordat de
MALDI-stofwolk zich ontwikkelen kan en dat het waarschijnlijk is dat de elektronen
tunnelen tussen het substraat materiaal en de analyt- en matrixmoleculen die coördineren
met de substraatatomen aan de oppervlakte. Er zijn ook aanwijzingen dat
protonenoverdracht mogelijk wordt gemaakt door het substraatoppervlak en dat daarom
een katalytische rol voor ofwel het substraat zelf, of zijn oxidelaag, moet worden
overwogen.
Met dit proefschrift wordt duidelijk dat het eenvoudigweg toepassen van de gangbare
commerciële roestvrijstalen substraten de mogelijkheden van de MALDI-methode beperkt.
Het gebruik van zachte metalen, zoals zilver, lood en tin, geeft tot tien keer betere
resultaten. Het gebruik van koperen substraten in de aanwezigheid van natriumchloride
had de formatie van polystyreen-koper-complexen tot gevolg, terwijl in de afwezigheid van
het zout dit niet het geval was, waarmee de toevoeging van koperzouten niet meer als een
voorwaarde voor de ionisatie van polystyreen moet worden gezien indien het substraat uit
koper bestaat in plaats van roestvrijstaal. Dit onderstreept nogmaals dat redoxreacties een
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belangrijk deel uitmaken van het ionisatiemechanisme zolang de monstermoleculen nog
aan de oppervlakte geadsorbeerd zijn.
Een instrument dat ionentransport naar de detectiecel door vrije diffusie toelaat, gevolgd
door een op het juiste ogenblik gevangenzetten van de ionen en het daarna detecteren van
de ionen door middel van ionen-cyclotron resonantie massaspectrometrie met
Fouriertransformatie, zou het mogelijk maken om de ionensnelheden en daarmee hun
kinetische energieverdeling te bestuderen met het bijkomende voordeel van gereduceerde
fragmentatie van de ionen. Om deze opbouw, welke het probleem van de
vliegtijdmetingen verhelpt, mogelijk te maken, is er van de grond af een open-cel Fouriertransform ionen-cyclotron resonantie massaspectrometer ontwikkeld, welke voornamelijk
is gebouwd met onderdelen die al in het laboratorium voorhanden waren. Het bewijs dat
het instrument werkt, is in dit proefschrift beschreven. In de toekomst zal dit instrument
het mogelijk maken om de bestaande methoden, voor het uitvoeren van mechanistische
studies, verder te verbeteren.
De conclusies die uit dit werk worden getrokken hebben gevolgen voor de spectrale
interpretatie van MALDI-massaspectrometrie. Noemenswaardig is hierbij bijvoorbeeld de
vorming van metaalcomplexen, waarbij kationen afstammen van het substraat materiaal.
De relevantie hiervan neemt toe met de steeds meer gecompliceerde monsters die met
deze techniek worden bestudeerd, zoals bijvoorbeeld weefselcoupes die vele zouten
bevatten. Ondanks mijn inzet, en op grond van de enorme complexiteit van de vele fysische
en chemische processen die bij MALDI een rol spelen, is het mij niet gelukt om de ionisatie
mechanismen helemaal op te helderen, maar het bestaan van voorgevormde complexen,
die een snelle ladingsoverdracht mogelijk maken voordat de MALDI-stofwolk kans ziet zich
te ontwikkelen, is zeer waarschijnlijk een belangrijk onderdeel van de primaire ionisatie.
Bovendien is het, gezien dit werk, overduidelijk dat het substraatmateriaal een belangrijke
en wezenlijke rol speelt in de uiteindelijk gevormde ionen.
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Abbreviations
2D
3D
9AA
9CA
9NA
Acac
ADC
AFM
AO
APCI
APPI
ASE
ATRA
BDTD
BP
CF
Chl
Chlide
CI
C60
C70
CCD
CPET
DAC
DAN
DART
DESI
DC
DHB
DCTB
DIOS
EAD
EDt
EET
EI
ESPT
ET
FAB
FID
FTICR

Two-Dimensional
Three-Dimensional
9-Aminoacridine
9-Cyanoanthracene
9-Nitrooanthracene
Acetylacetonate
Analog-to-digital converter
Atomic force microscope
Atomic orbital
Atmospheric-pressure chemical ionization
Atmospheric-pressure photoionization
Analyte suppression effect
All-trans-retinoic acid
Benzo[1,2-b:4,5-b’]dithiophene-4,8-dione
Boiling point
ConFlat
Chlorophyll
Chlorophyllide
Chemical ionization
Fullerene-C60
Fullerene-C70
Charge-coupled device
Concerted proton-electron transfer
Digital-to-analog converter
1,5-Diaminonaphthalene
Direct analysis in real time
Desorption electrospray ionization
Direct current
2,5-Dihydroxybenzoic acid
trans-2-[3-(4-tert-butylphenyl)-2-methylallylidene]propanedinitrile
Desorption/ionization on silicon
Electron autodetachment
Extraction delay time
Excitation energy transfer
Electron ionization
Excited-state proton transfer
Electron transfer
Fast atom bombardment
Free induction decay
Fourier transform ion-cyclotron resonance
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FWHM
GB
GPC
H2Pc
HET
HOMO
HPLC
HSAB
HV
IC
ICP-MS
ICR
IE
IP
IR
ISD
IRMPD
IVR
ITO
LAET
LASER
LA-ICP-AES
LA-ICP-MS
LC
LDI
LILBID
LUMO
MALDI
MELDI
MCP
MM
MO(s)
MP
MPc(s)
MRI
MS
MSE
NADEL
Nd:YAG
Nd:YLF
NMR
NP
PA
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Full width at half maximum
Gas-phase basicity
Gel permeation chromatography
29H,31H-Phthalocyanine
Heterogeneous electron transfer
Highest occupied molecular orbital
High-performance liquid chromatography
Hard soft acids and bases
Vicker’s Hardness
Intramolecular internal conversion
Inductively coupled plasma mass spectrometry
Ion-cyclotron resonance
Ionization energy
Ionization potential
Infrared
In-source decay
Infrared multiphoton dissociation
Intramolecular vibrational energy redistribution
Indium tin oxide
Laser-activated electron tunneling
Light amplification by stimulated emission of radiation
Laser ablation inductively coupled plasma atomic emission
spectrometry
Laser ablation inductively coupled plasma mass spectrometry
Liquid chromatography
Laser desorption/ionization
Laser-induced liquid bead ion desorption
Lowest unoccupied molecular orbital
Matrix-assisted laser desorption/ionization
Matrix-enhanced laser desorption/ionization
Microchannel plate
Monoisotopic mass
Molecular orbital(s)
Melting point
Metal cation phthalocyanine complex(es)
Magnetic resonance imaging
Mass spectrometry
Matrix suppression effect
Narrow aperture detection electrode
Neodymium-doped yttrium aluminium garnet – Nd:Y3Al5O12
Neodymium-doped yttrium lithium fluoride – Nd:LiYF4
Nuclear magnetic resonance
Nanoparticles
Proton affinity

Pc
PEEK
PETE
PS
PT
Pheo
PIE
POM
PSD
PTFE
REMPI
RF
RFQ
SALDI
SELDI
SEC
SEM
SI
SI
SIMS
SOP
TFA
THF
TI
TLF
TOF
TTL
UHV
UPLC
USB
UV
VER
VSEPR
XRF

Phthalocyanine
Polyether ether ketone
Photon-enhanced thermionic emission
Polystyrene
Proton transfer
Pheophytin
Pulsed ion extraction
Polyoxymethylene
Post-source decay
Polytetrafluoroethylene; Teflon®
Resonance-enhanced multiphoton ionization
Radiofrequency
Radio frequency quadrupole
Surface-assisted laser desorption ionization
Surface-enhanced laser desorption ionization
Size-exclusion chromatography
Secondary emission multiplier
Système International d’Unités
Surface ionization
Secondary-ion mass spectrometry
Standard operation procedure
Trifluoroacetic acid
Tetrahydrofuran
Thermal ionization
Time-lag focusing
Time-of-flight
Transistor-Transistor logic
Ultra-high vacuum
Ultra-performance liquid chromatography
Universal serial bus
Ultraviolet
Vibrational energy relaxation
Valence shell electron pair repulsion
X-ray fluorescence
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Fundamental constants
Fundamental constants were taken from Springer Handbook of Condensed Matter and
Materials Data [1], Physics for Scientists and Engineers [2] and Taschenbuch der Physik [3].
Speed of light
in vacuum
Permeability of free space

c

2.99792458 × 108

Permittivity of free space

µ0

Newtonian constant of
gravitation
Elementary charge

G

Coulomb constant
Avogadro number
Electron mass
Proton mass
Neutron mass
Unified atomic
mass unit
Electron Compton
wavelength
Molar gas constant
Magnetic flux quantum
Planck constant

Molar gas constant

4𝜋𝜋 × 10−7
𝜺𝜺𝟎𝟎 = (𝝁𝝁𝟎𝟎 𝒄𝒄𝟐𝟐 )−𝟏𝟏
8.854187817 × 10−12

6.6742(10) × 10−11

e0

m s−1

N A−2

C2 N−1 m−2

m3 kg−1 s−2

1.60217653(14) × 10−19
𝒌𝒌𝒆𝒆 = (𝟒𝟒𝟒𝟒𝜺𝜺𝟎𝟎 )−𝟏𝟏
8.98755178(73) × 109

C

6.0221415(10) × 1023

mol−1

NA

me

9.1093826(16) × 10−31

mp

1.67262171(29) × 10−27

mn

1.67492716(13) × 10−27
𝟏𝟏
𝒖𝒖 = 𝒎𝒎(𝟏𝟏𝟏𝟏 𝐂𝐂) (= 1 u or 1 Da)
𝟏𝟏𝟏𝟏
1.66053886(28) × 10−27
𝝀𝝀𝑪𝑪 = 𝒉𝒉(𝒎𝒎𝒆𝒆 𝒄𝒄)−𝟏𝟏
2.426310238(16) × 10−12

R

8.314472(15)
𝜱𝜱𝟎𝟎 = 𝒉𝒉(𝟐𝟐𝒆𝒆𝟎𝟎 )−𝟏𝟏
2.067833636(81) × 10−15
𝒉𝒉
4.13566743(35) × 10−15
6.6260693(11) × 10−34
ℏ = 𝒉𝒉(𝟐𝟐𝟐𝟐) −1
6.658211889(26) × 10−16
1.05457168(18) × 10−34
R
8.314472(15)

N m2 C−2
kg

kg
kg
kg
m

J mol−1 K−1

T m2
eV s
Js
eV s
Js

J mol−1 K−1
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Boltzmann constant
Stefan-Boltzmann
constant
Faraday constant
Fine structure constant
Electron radius
Bohr radius
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𝒌𝒌𝑩𝑩 = 𝑹𝑹𝑵𝑵𝑨𝑨 −𝟏𝟏
1.3806505(24) × 10−23
𝝈𝝈 = 𝝅𝝅𝟐𝟐 𝒌𝒌𝑩𝑩 𝟒𝟒 (𝟔𝟔𝟔𝟔ℏ𝟑𝟑 𝒄𝒄𝟐𝟐 )−𝟏𝟏
5.670400(40) × 10−8
𝑭𝑭 = 𝑵𝑵𝑨𝑨 𝒆𝒆𝟎𝟎
9.64853383(83) × 104
𝜶𝜶 = 𝒆𝒆𝟎𝟎 𝟐𝟐 (𝟐𝟐𝜺𝜺𝟎𝟎 𝒉𝒉𝒉𝒉)−𝟏𝟏
7.297352568(24)
𝒓𝒓𝒆𝒆 = ℏ(𝒎𝒎𝒆𝒆 𝒄𝒄)−𝟏𝟏 𝜶𝜶
2.817940325(28) × 10−15
𝒂𝒂𝟎𝟎 = 𝒓𝒓𝒆𝒆 𝜶𝜶−𝟐𝟐
9.64853383(83) × 104

J K−1

W m−2 K−4
C mol−1
m
m

Basic units
The definitions of the basic units were taken from Physics for Scientists and Engineers [2].
Time

The second (s) is the duration of 9192631770 periods of the
radiation corresponding to the transition between the two
hyperfine levels of the ground state of the 133Cs atom.

Length

The meter (m) is the distance traveled by light in a vacuum in
1/299792458 seconds.

Mass

The kilogram (kg) is the mass of the international standard body
preserved at Sèvres, France.

Current

The ampere (A) is the current in two very long parallel wires 1 m
apart that gives rise to a magnetic force per unit length of 2 × 10−7
N m−1.

Temperature

The kelvin (K) is 1/273.16 of the thermodynamic temperature of the
triple point of water.

Luminous intensity

The candela (cd) us the luminous intensity, in the perpendicular
direction, of a surface of area 1/(6 × 106) m2 of a blackbody at the
temperature of freezing platinum at a pressure of 1 atm.
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Derived units
Force

newton (N)

Work, energy

joule (J)

Pressure

pascal (Pa)

Power

watt (W)

Frequency

hertz (Hz)

Charge

coulomb (C)

Potential

volt (V)

Resistance

ohm (Ω)

Capacitance

farad (F)

Magnetic field

tesla (T)

Magnetic flux

weber (Wb)

Inductance

henry (H)

Conductance

siemens (S)

Angle

radian (rad)

Temperature

degree Celsius (°C)

1N

1J

= 1 kg m s−2

=1Nm

1 Pa = 1 kg m−1 s−2

1W

= 10−1 bar
= 1 J s−1

1 Hz = cy s−1

1C

=1As

1F

= 1 C V−1

1H

= 1 J A−2

1 C°

=1K

1V

1Ω
1T

= 1 J C−1

= 1 V A−1

= 1 N A−1 m−1

1 Wb = 1 T m2

1S

= 1 s3 A2 kg−1 m−2

1 rad =

180°
𝜋𝜋

xxx
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Nomenclature
Symbol

⊥
∥
α
α
α
𝑎𝑎
𝑎𝑎
𝑎𝑎0
A
A
AR
B
𝛾𝛾
b
c
c
cp
cV
C

Cm
Cp
CV
𝛿𝛿
𝛿𝛿
d
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
∂𝑥𝑥
∂𝑡𝑡

Δ𝑥𝑥

𝑚𝑚

Δ� �
𝑧𝑧
Đ
E
E
EB
EC
𝐸𝐸𝑒𝑒
EE
EF

Description
Normal
Parallel
Coefficient of thermal expansion
Resistivity temperature coefficient
Angle
Acceleration
Van der Waals coefficient 𝑎𝑎
Bohr radius
Helmholtz function
Surface
Richardson constant
Magnetic field strength
Surface tension
Van der Waals coefficient b
Concentration
Speed of light
Specific heat capacity at constant pressure
Specific heat capacity at constant volume
Integration path C
Molar heat capacity
Heat capacity at constant pressure
Heat capacity at constant volume
Joule-Thomson coefficient
Laser penetration depth
Distance, diameter
Derivative of x with respect to t
Partial derivative of x with respect to t
Change in x, gradient
Absolute mass accuracy
Dispersity
Electric field
Elastic modulus
Nuclear binding energy
Conduction band energy
Electron gas energy
Electric potential energy
Fermi energy

Unit
K−1
Ω m K−1
rad
m s−2
N m4 mol−2
m
J
m2
A m−2 K−2
T
kg m−2
m3 mol−1
M, mol L−1
m s−1
J kg−1 K−1
J kg−1 K−1
m
J mol−1 K−1
J K−1
J K−1
K Pa−1
m
m

N C−1, V m−1
N m−2
J
J
J
J
J

xxxii

EG
Ek
Ep
EHOMO
Elaser
ELUMO
EV
η
η
f
f
f
F
F

g
G
G
GB
h
ℏ
H
Hlaser
∮
∫
i
I
J
𝜆𝜆
Λ
κ
kB
kF
K
l
L
l
µ
µe
𝜇𝜇𝑛𝑛
𝜇𝜇𝑝𝑝
m
mG
ml
Mp

xxxiii

Energy gap
Kinetic energy
Potential energy
Energy highest occupied molecular orbital
Irradiance, laser
Energy lowest unoccupied molecular orbital
Valence band energy
Hapticity
Ion yield
Focal point
Collision frequency
Number of degrees of freedom
Force
Fermi
Gravitational field
Gibbs function, free enthalpy
Newtonian constant of gravitation
Gas-phase basicity
Plank constant
Plank constant divided by 2𝜋𝜋
Enthalpy
Fluence, laser
Closed curve integral
Integral
Index of summation
Current
Current density
Wavelength
Mean free path
Isothermal compressibility
Boltzmann constant
Fermi wavevector
Thomson coefficient
Length, thickness
Lorentz number
Orbital quantum number; 0, 1, ... (n−1)
Chemical potential
Mobility
Electron mobility
Hole mobility
Mass, (inertial)
Mass, gravitational
Magnetic quantum number; −l ... l
Peak molecular weight

J
J
J
J
J m−2 s−1
J
J
m

s−1
N

N kg−1
J
m3 kg−1 s−2
J mol−1, eV
Js
Js
J
J m−2
A
A m−2
m
m
m s2 kg−1
J K−1
m−1
V K−1
m
J
m2 V−1 s−1
m2 V−1 s−1
m2 V−1 s−1
kg
kg
Da

Mn
Mw
N
N±
N0
NA
N
n
ne
nC
nh
nV
n
n

∇
∇⋅
∇×
ø
Π
p
p
p
P
PA
q
Q
Qnet
R
R
R
𝜌𝜌
𝜌𝜌
R

r
rn
𝜎𝜎
S
S
s
S

Σ
𝜏𝜏
T
T

Number average molecular weight
Weight average molecular weight
Total number of particles in the system
Number of ions
Number of neutral molecules
Avogadro number
Number of particles
Principle quantum number; 1 ≤ n ≤ ∞
Electron density
Effective hole density in the conduction band
Hole density
Effective electron density in the valence band
Number density
Net
Three-dimensional gradient operator
Divergence operator
Curl operator
Diameter
Peltier coefficient
Hole density
Impulse
Pressure
Power
Proton affinity
Charge, point
Heat
Charge, total
Reflection
Resistance
Resolution
Electrical resistivity
Density
Richardson
Distance, radius
Radius parameter
Electrical conductivity
Entropy
Seebeck coefficient
Spin quantum number; ½ or −½
Integration surface S
Summation operator
Relaxation time
Refraction
Temperature, absolute

Da
Da
mol−1
mol
m−3
m−3
m−3
m−3
m−3

m2
J K−1
m−3
kg m s−1
kg m−1 s−2
J s−1
J mol−1, eV
C
J
C
V A−1

V m A−1, Ω m
kg m−3

m

m s−1
J K−1
V K−1
m2
s

K

xxxiv

Tm

Tc
TC
TF
U
U
ν
ν
V
V
𝜐𝜐
𝜐𝜐𝐹𝐹
φ
ϕ

Φ0
Φlaser
Φe,net
Φm,net

𝜒𝜒
𝜓𝜓
W
𝜔𝜔
Ω
z

Temperature, melting
Temperature, critical
Temperature, Curie
Temperature, Fermi
DC potential
Internal energy of a closed system
Frequency
Poisson’s ratio
Volume
RF potential
Velocity
Velocity, Fermi
Work function
Contact angle
Total potential
Power, laser
Net electric flux
Net magnetic flux
Electron affinity
Ionization energy
Work
Angular frequency
Number of microstates
Valence

Bold symbols denote a vector. 1 eV = 1.60217653(14) × 10−19 J

xxxv

K
K
K
K
V
J
s−1

m3
V
m s−1
m s−1
J mol−1, eV
rad
V
J s−1
Vm
T
J mol−1, eV
J mol−1, eV
J
rad s−1

Used prefixes for powers of 10
Multiple

Prefix

109
106
103
10−2
10−3
10−6
10−9
10−12
10−15

giga
mega
kilo
centi
milli
micro
nano
pico
femto

Abbreviation

G
M
k
c
m
µ
n
p
f

Parts-per-

Expression

hundred
thousand
million
billion
trillion
quadrillion

per cent; %
per mille; ‰
ppm
ppb
ppt
ppq

xxxvi

xxxvii

Definitions
For this thesis the New Oxford Dictionary for Scientific Writers and Editors [4] and Mass
Spectrometry Desk Reference [5] were employed to avoid confusion regarding terminology
and definitions used in science and within the field of mass spectrometry. All masses are
exact masses of the most abundant isotope combination, unless indicated otherwise.
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Introduction

1.1

Motivation

Since its conception, mass spectrometry has established itself as one of the most
powerful tools for chemical analysis. Matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS), due to its unique properties, occupies a special niche within the
mass spectrometry field and a better understanding of its underlying principles would
provide the scientific community with more possibilities to study even smaller sample
quantities, more difficult structures and more complicated mixtures. MALDI has been the
topic of much debate and is, due to the many physicochemical processes occurring
simultaneously, difficult to study. Understanding the laser desorption/ablation and
ionization steps is an absolute necessity to make the next big steps in this field, which has
recently been revisited by the scientific community for its tissue imaging capabilities. The
MALDI technique is already widely applied in clinical microbiology and material analysis,
which indicates the importance of a better understanding of the underlying mechanisms.
Therewith we arrive at the topic and aim of this dissertation: elucidating matrix-assisted
laser desorption/ionization mechanisms.

1.2

Outline of this work

This thesis commences with touching upon the scientific developments leading up to
mass spectrometry from a historic perspective. It will briefly present the main ionization
techniques that have been developed. The third chapter will provide the theoretical
background on MALDI mass spectrometry: sample deposition, ionization, ion transport and
detection techniques and instrumentation. Additionally, previously suggested models for
matrix-assisted laser desorption/ionization will be discussed.
The fourth chapter discusses the matrices used and their characteristics and describes
the employed sample deposition setup, which has been developed to enable reproducible
measurements. This was essential for the surface material influence study, for which the
rationale is explained in chapter five and which is itself discussed in chapter six.
Additionally, chapter five will provide the reader with a detailed background on the physics
underlying the various forms of electron emission and the characteristics of possible target
plate materials, as well as the solid-state physics and charge and energy transfer dynamics
involved. A systematic laser desorption/ionization study into the target plate material
influence on the ionization of fullerene-C60 is described in chapter six. The conclusions from
the latter study were applied to the MALDI-MS analysis of polymers in the presence of
different cationizing agents in chapter seven and to the study of chlorophyll and
phthalocyanine in chapter eight. Chapter nine focuses on the influence of target plate
material on anion formation, where diphenyl phosphate was chosen as a model for other
biologically relevant phosphate-containing molecules. Chapter ten outlines the
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development of a Fourier transform ion-cyclotron resonance mass spectrometer (FTICRMS), its characterization and the initial measurements done, to enable future mechanistic
ion kinetics studies. Chapter eleven treats all the remaining observations of interest and
provides suggestions for future research. Finally, chapter twelve will provide some
concluding remarks and an outlook for future experiments and developments.

2

2

Historic developments

"Parts of this chapter are reprinted from the Journal of The American Society of Mass
Spectrometry, Vol. 27, Issue 4, G. P. Zeegers, B. F. Günthardt, R. Zenobi, ‘Target Plate
Material Influence on Fullerene-C60 Laser Desorption/Ionization Efficiency’, Pages 699708, Copyright (April 2016), with permission from Springer."
Where better to begin than at the conception of particle physics to understand the
origins of mass spectrometry. To understand where science is heading towards, one should
consider how science arrived at the state it is in. The amount of empirical fundamental
research and the great value of custom-made instruments cannot be overemphasized. I
will therefore try to address the (instrumental) highlights that led to the discovery of the
species (electrons, protons, ions) involved in mass spectrometry and the development of
MALDI-MS.

2.1

Charge, magnets, conduction and insulation

Mass spectrometry relies on a separation of species based on their different mass-tocharge-ratios (m/z), therefore we have to go back to the discovery of charge and how it can
be observed. Coincidentally, the origin of charge and magnetism were originally explained
by the same phenomenon: the soul, or ἡ ψυχή [6].
The discovery of the triboelectric effect, charging due to friction, has been attributed to
Thales of Miletus (c. 620-546 BCE), who was the first we are aware of to have wondered
what the basic building block of the universe is and to prove that natural events can be
explained without the intervention of mythological beings [6]. When he rubbed amber
buttons with fur, he noticed electrostatic interactions between the buttons, which was
noted by Pliny the Elder (29–97) as well in his Naturalis Historiae [6, 7]. In the same work
Pliny refers to the discovery of the first permanent magnets by quoting the work of
Nicander of Colophon (2nd century BCE) who claimed that its discovery was by accident by
a shepherd named Magnes who found pieces of magnetite or lodestone stuck to the iron
nails in his shoes and the iron end of his cane [7]. It might, however, according to Titus
Lucretius Carus (99–55 BCE), be named after the place where the first lodestones were
found, the country of Magnetes. Thales knew about the existence of these lodestones and
it is most likely that it had been known for several centuries before Nicander recorded the
story [6]. Diogenes Laertius (3rd century CE) reported that both Hippias of Elis (5th century
BCE) and Aristotle (384–322 BCE) agreed with Thales’s views on the effects he had observed
with amber and lodestone, which he believed to be the result of the soul he attributed to
these inanimate objects [6]. Many centuries later, in 1750, John Canton (1718–1772)
disclosed his work on making artificial magnets without the use of natural ones [8].
William Gilbert (1544–1603) studied the triboelectric effect and took the Greek word for
amber, τό ἤλεκτρον, or electron, to refer to static electricity on which he published in 1600
[9]. Around 1663 Otto von Guericke (1602–1686) created the first electrostatic generator:
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a sulphur globe that could be charged by rubbing it by hand whilst rotating it [10]. Stephen
Gray (1666–1736) performed many experiments with static electricity and made the
distinction between electrical conduction and insulation [11-19]. In 1733, Charles François
de Cisternay du Fay (1696–1739) proposed the existence of two different types of
electricity, which he called vitreous and resinous and are now known, owing to Benjamin
Franklin (1706–1790) [20], as the positive and negative charge, respectively [21].

2.2

Barometric light

As is often the case in science: serendipity, followed by ingenuity and persistence can
lead to wonderful discoveries. In 1675, Jean-Félix Picard (1620–1682) observed, by
coincidence, barometric light whilst transporting his barometer, an invention by
Evangelista Torricelli (1608–1647) in 1643 [22], at night from the observatory to Port Saint
Michel [23]. This phenomenon occurs when shaking a mercury barometer: electrons,
previously donated by the mercury to the glass, are released from the glass, upon pulling
away of the mercury, and collide with the gaseous mercury they encounter, resulting in a
glow.
Johann Bernoulli (1667–1748) studied the phenomenon in more detail [24] and this
captivated Francis Hauksbee (1670–1713), who showed in 1704 that in fast-rotating,
partially evacuated tubes with mercury the barometric light becomes even more intense
[25]. He then tried this without mercury and by moving on to different partially evacuated
gases a similar glow could be obtained by applying static electricity externally [26]. These
experiments form the foundations of the tube experiments, which, together with other
inventions and discoveries, related to electricity and magnetism, which will be outlined
below, revolutionized our understanding of what matter consists of.

2.3

Electrical discharge, capacitors, induction coils and

electrostatic generators
The first capacitor was discovered independently in 1745 by Ewald Georg von Kleist
(1700–1748) and by Pieter van Musschenbroeck (1692–1761) and his apprentice Andreas
Cuneaus, and was respectively dubbed the Kleistian jar, named after its inventor, and the
Leyden jar, named after its place of discovery. It can store static electricity generated by
electrostatic generators, such as that of Guericke. Jean Antoine Nollet (1700–1770)
promoted the Leyden jar and is credited with coining its name [27, 28]. Franklin,
subsequently, coined the name battery for a couple of Leyden jars connected in parallel
[20]. It was also Franklin who proposed an experiment to prove that lighting is electricity
and published the outcome in 1751 [29], which Canton confirmed a few years later in 1753
[30]. In 1780, Luigi Galvani (1737–1798) discovered that the legs of dead frogs would twitch
when bringing them into contact with copper and zinc, hence, he ascribed properties of life
to electricity [31]. To disprove this theory, Alessandro Volta (1745–1827) invented the
electric pile in 1799 [32], enabling scientists for the first time to work with a small voltage
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and a constant electric current, paving the way for electrochemistry and the development
of incandescent light. Johann Carl Wilcke (1732–1796) invented the electrophore [33], a
device to create electrostatic charge by electrostatic induction, in 1762, and Volta
popularized this invention. It would take until 1836 before Nicholas Callan (1799–1864)
invented the induction coil [34, 35], which allowed generating large electric sparks. This
induction coil, the first transformer, produces high-voltage pulses from a low-voltage direct
current supply. Antoine Masson (1806–1860) and Louis Breguet (1804–1883) devised a
pulsed inductor coil in 1837 [36], but it was Heinrich Daniel Ruhmkorff (1803–1877) who
improved and in 1851 patented his induction coil and successfully marketed it in the
following years [37]. In 1929, Robert Jemison Van de Graaff (1901–1967) invented a more
effective electrostatic generator, the Van de Graaff generator, allowing for creating
potentials high enough to accelerate subatomic particles in an evacuated tube, and
subsequently patented it in 1931 [38, 39].

2.4

Electrostatics and magnetostatics

The instrumental developments mentioned in the previous sections led to a wealth of
experimental data that needed to be interpreted. In 1785, Charles-Augustin de Coulomb
(1736–1806) published his work on electricity and magnetism and formulated what is now
known as Coulomb’s law:
𝐹𝐹 = 𝑘𝑘𝑒𝑒

𝑞𝑞1 𝑞𝑞2
𝑟𝑟 2

,
(2.1)

where 𝐹𝐹 is the Coulomb force between two charged bodies, 𝑘𝑘𝑒𝑒 is the Coulomb constant,
𝑞𝑞1 and 𝑞𝑞2 are the magnitudes assigned to the two charges and r is the distance between
them. It quantified the effect observed by Henry Cavendish (1731–1810) between 1771
and 1781 [40].
Coulomb’s law forms the experimental basis for the work of Johann Carl Friedrich Gauss
(1777–1855). Gauss defined his law in 1813, which is now known as Gauss’s law and is, in
fact, equivalent to Coulomb’s law [41]:
Φ𝑒𝑒,𝑛𝑛𝑛𝑛𝑛𝑛 = ∫𝑆𝑆 𝐸𝐸𝐸𝐸𝐸𝐸 = 4𝜋𝜋𝑘𝑘𝑒𝑒 𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛 ,

(2.2)

where Φ𝑒𝑒,𝑛𝑛𝑛𝑛𝑛𝑛 is the net electric flux, given by the surface integral of the electric field E over
the surface area A, which equals the product of the Coulomb constant and the enclosed
net electric charge 𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛 . It should be noted, however, that in 1773, Comte Joseph Louis
Lagrange (1736–1813) used the same approach to solve a problem related to the attraction
between ellipsoids [42, 43].
In 1820, Hans Christian Ørsted (1777–1851) used the Voltaic pile and observed the
deflection of a compass needle from the magnetic meridian when there was a constant
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current flowing through a wire near the needle, marking the beginning of the field of
electromagnetism [44].
Inspired by Ørsted’s discovery, André Marie Ampère (1775–1836) set out to prove the
relationship between the electric current, I, and the observed force and in 1822 formulated
the following law:
∮𝐶𝐶 𝐁𝐁 × 𝑑𝑑𝐥𝐥 = 𝜇𝜇0 𝐼𝐼𝐶𝐶 ,

(2.3)

where C denotes a closed curve around a wire, B the magnetic field in space around the
electric wire and where 𝜇𝜇0 is the magnetic permeability of free space [45]. In 1861, James
Clerk Maxwell (1831–1879) corrected Ampère’s circuital law by adding the displacement
current term [46].
Breaking a magnet in two, results in two new magnets with two poles and this is
fundamentally different from an electric dipole, which essentially consists of two
monopoles: a negatively charged electron and a positively charged proton. Gauss’s law for
magnetism states that the net flux of the magnetic field, Φ𝑚𝑚,𝑛𝑛𝑛𝑛𝑛𝑛 , through any closed
surface S is always zero [3]:
Φ𝑚𝑚,𝑛𝑛𝑛𝑛𝑛𝑛 = ∮𝑆𝑆 𝐵𝐵𝐵𝐵𝐵𝐵 = 0

(2.4)

and this therefore, indicates that a magnetic monopole does not exist. Instead an
inseparable magnetic dipole lies at the roots of the magnetic field. Magnetic field lines can
represent this field around the dipoles [47].
In 1831, Michael Faraday (1791–1867) and in 1832, Joseph Henry (1797–1878)
independently discovered (mutual) electromagnetic induction; self-induction can be
credited to Henry [48-50]. In 1856, Wilhelm Eduard Weber (1804–1891) and Rudolf
Hermann Arndt Kohlrausch (1809–1858) demonstrated that the ratio between
electrostatic and electromagnetic units results in a constant number, which they called c
and found to be 4.39 × 108 m s−2 and which turned out to be equal to √2 times the speed
of light [51]. The speed of light was first determined by Ole Christensen Rømer (1644–1710)
in 1676 [52] and subsequently with higher precision in 1849 by Armand Hippolyte Louis
Fizeau (1819–1896) to be 313300 km s−1 [53].
It was Maxwell who first realized his equations imply the existence of electromagnetic
waves, caused by accelerating charges, which was first shown by Heinrich Rudolf Hertz
(1857–1894) in 1887 [54]. Maxwell predicted the speed of these waves in free space to be
dependent on the permeability and the permittivity of free space, 𝜇𝜇0 and 𝜀𝜀0 , respectively:
𝑐𝑐 =
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1

�𝜇𝜇0 𝜀𝜀0

,

(2.5)

which equals the speed of light, denoted c, and led Maxwell to deduce that light is in fact
an electromagnetic wave in 1861 [46, 55].
It was also Maxwell who brought together all the available knowledge on electricity and
magnetism and combined this in a set of twenty differential equations in one publication
[46], which was published in the form of a textbook in 1873 [56].
In 1884, Oliver Heaviside (1850–1925) had, alongside Josiah Willard Gibbs (1839–1903),
developed and promoted the modern vector algebra and calculus further [57]. Heaviside
used this to reformulate the twenty equations Maxwell had published and consequently
reduced them to four different equations, which are now known as Maxwell’s equations.
Based on the work of Sir William Thomson (also known as Lord Kelvin; 1824–1907)
Heaviside also correctly derived what is now known as the Lorentz force in 1889 [58].
Hendrik Antoon Lorentz (1853–1928) derived this in 1895, but for the total force on a
charge q moving through both an electric field E and a magnetic field B [58, 59]. The Lorentz
force experienced by a particle of charge q moving with a velocity v in the presence of an
electric field E and a magnetic field B is given by:
𝐅𝐅 = 𝑞𝑞𝐄𝐄 + 𝑞𝑞𝐯𝐯 × 𝐁𝐁.

(2.6)

Together with this law, the four Maxwell equations (relating the electric and magnetic
field vectors E and B and their sources, which are electric charges and currents; see Table
2.1) form the foundation of classical electromagnetism. Maxwell’s equations can be written
in an integral form and a differential form.
Another important discovery was made in 1911 [60], namely superconductivity, which
has led to the development of superconductive magnet, which are now used in magnetic
resonance imaging (MRI) and nuclear magnetic resonance (NMR) spectroscopy, particle
accelerators and in mass spectrometers. In 1908, Heike Kamerlingh Onnes (1853–1926)
was the first, beating James Dewar (1842–1923), who had previously liquefied hydrogen in
1898 [61], in the race, to bring the temperature down to 4.22 K and thereby managed to
liquefy helium [62, 63]. When he exposed mercury to these low temperatures, he
discovered that when introducing a current to a ring of mercury, this current remained and
did not, due to expected rise in the metal’s resistance, transform itself into heat: the
mercury had become superconductive [60]. The resistance of a superconductor drops to
zero as soon as it is cooled down below a critical temperature, Tc, which is 4.2 K for mercury
[47]. Superconductivity is a quantum mechanical effect, which was explained in 1957 by
electron Cooper pair formation, where quantized lattice vibrations mediate this electronelectron coupling. These Cooper pairs then combine to form a coherent wavefunction,
which propagates with zero resistance [47]. This theory was proposed by John Bardeen
(1908–1991), Leon Cooper (1930) and John Robert Schrieffer (1931) and is known as the
BCS theory [47]. The development of electromagnets made of coils of superconducting
wire, enabled analytical techniques, such as nuclear magnetic resonance (NMR), magnetic
resonance imaging (MRI) and Fourier transform ion-cyclotron resonance (FTICR) mass
spectrometry.
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Another magnetic property I would like to mention, because I think it would make
interesting research when applied in a sophisticated manner to the MALDI field, is the Curie
temperature, TC, discovered by Pierre Curie (1859–1906) [64]: the temperature at which a
ferromagnetic material becomes paramagnetic, or in other words: the temperature
beyond which materials lose their permanent magnetic properties and can only become
magnetically induced [47]. The target plates onto which the samples for the MALDI
experiment are deposited, which often contain iron and nickel, could be chosen such, that
upon laser irradiation they change from ferro- to para- and back to ferromagnetic, which
will result in a transient magnetic field change, which in turn I would expect to result in a
changed trajectory of the charged species and, thereby perhaps lead to an increase in the
number of encounters between charged and neutral species, potentially benefiting the
formation of the analyte ion of interest.
Table 2.1: Maxwell’s equations [2, 3].
Name

Relates to

Integral form

Gauss’s law

The flux of the electric
field through any closed
1
surface S equals times

1
∮𝑆𝑆 𝐄𝐄𝐧𝐧 𝑑𝑑𝐀𝐀 = 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝜀𝜀0

Differential form
𝜌𝜌
𝛁𝛁 ∙ 𝐄𝐄𝐧𝐧 =
𝜀𝜀0

Gauss’s law
for
magnetism

The magnetic flux of the
magnetic field vector B is
zero through any closed
surface S

∮𝑆𝑆 𝐁𝐁𝒏𝒏 𝑑𝑑𝐀𝐀 = 0

𝛁𝛁 ∙ 𝐁𝐁𝐧𝐧 = 0

Faraday’s law

The integral of the
electric field around any
closed curve C, which is
the electromotive force,
equals the (negative)
rate of change of the
magnetic flux through
any surface S bounded
by the curve

𝜀𝜀0

the net charge inside the
surface

Ampère’s law
modified to
include
Maxwell’s
displacement
current
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The line integral of the
magnetic field B around
any closed curve C equals
µ0 times the current
through any surface S
bounded by the curve µ0
𝜀𝜀0 times the rate of
change of the electric
flux through the same
surface S

∮𝐶𝐶 𝐄𝐄 ∙ 𝑑𝑑𝐥𝐥 = −
= −∫𝑆𝑆

𝑑𝑑
∫ 𝐁𝐁 𝑑𝑑𝐀𝐀
𝑑𝑑𝑑𝑑 𝑆𝑆 𝐧𝐧

𝜕𝜕𝐁𝐁𝐧𝐧
𝑑𝑑𝐀𝐀
𝜕𝜕𝜕𝜕

∮𝐶𝐶 𝐁𝐁 ∙ 𝑑𝑑𝐥𝐥 = 𝜇𝜇0 (𝐈𝐈 + 𝐈𝐈𝐝𝐝 )
𝑑𝑑
= 𝜇𝜇0 𝐈𝐈 + 𝜇𝜇0 𝜀𝜀0 ∫𝑆𝑆 𝐄𝐄𝐧𝐧 𝑑𝑑𝐀𝐀
𝑑𝑑𝑑𝑑
𝜕𝜕𝐄𝐄𝐧𝐧
𝑑𝑑𝐀𝐀
= 𝜇𝜇0 𝐈𝐈 + 𝜇𝜇0 𝜀𝜀0 ∫𝑆𝑆
𝜕𝜕𝜕𝜕

𝛁𝛁 × 𝐄𝐄𝐧𝐧 = −

𝛁𝛁 × 𝐁𝐁𝐧𝐧

= 𝜇𝜇0 �𝐈𝐈 + 𝜀𝜀0

𝜕𝜕𝐁𝐁𝐧𝐧
𝜕𝜕𝜕𝜕

𝜕𝜕𝐄𝐄𝐧𝐧
�
𝜕𝜕𝜕𝜕

2.5

Tube experiments

In 1785, following Hauksbee’s experiments from the early 18th century, William Morgan
(1750–1833) passed a current through a (partially) evacuated glass vessel and observed a
glow, proving that rarified air can conduct electricity [65].
Besides discovering many elements using the Voltaic pile, such as potassium, magnesium
and chlorine, Sir Humphry Davy (1778–1829) has been credited with the discovery of the
carbon arc, which produces a bright white light [66]. His scientific efforts on gases and
(platinum) gauzes and their incandescence upon heating culminated in the Davy lamp [67,
68].
Davy’s work influenced his apprentice Michael Faraday, who investigated the conduction
of diluted air between 1834 and 1838 [69]. He defined three different regions: a cathode
light, a dark space and a positive light region. He concluded that electrical discharge had to
occur in the dark space, which means that the partially evacuated air could conduct a
current even though it did not glow [69].
Heinrich Geissler (1814–1879) invented a low-pressure gas discharge tube, a glass tube
equipped with an anode and a cathode electrode passing through the glass wall, which,
when filled with different gases, glows in different colors, which he demonstrated in 1857
[70]. With his tubes, his colleague Julius Plücker (1801–1868) discovered that the discharge
caused a fluorescent glow on the glass wall and that magnetic fields could shift the position
of this glow, which made him conclude that electrical light is magnetic [71]. Sir William
Crookes (1832–1919) improved the Geissler tube in 1875 by partially evacuating it.
Crookes, Plücker and his student Johann Wilhelm Hittorf (1824–1914) studied the spectra
of ignited gases and vapors [72-76]. Using their tube instruments, Plücker and Hittorf made
the connection between the cathode dark space and that something must be travelling
from the cathode in a straight line towards the anode in 1869 [77]. Crookes, besides
spreading the findings of Plücker and Hittorf to a wider audience, created a device with a
mill-like structure suspended in a glass tube, called the radiometer, used to measure the
radiant flux of electromagnetic radiation [78], as well as the spinthariscope [79], which
visualizes radioactive emissions on a zinc sulfide screen and therewith aided Lord Ernest
Rutherford (1871–1937) and Thomas Royds (1884–1955) to study radon in 1907 [80], which
allowed them to identify the 𝛼𝛼-particle as the nucleus of the helium atom and to determine
its charge ( 42He2+ ).

2.6

Canal rays, electrons and tube developments

In 1886, Eugen Goldstein (1850–1930) discovered with these discharge tubes what he
called, in absence of a better, gas-independent name, canal rays, originating from cathodeinduced discharges [81]. He noted that the ray color depended on the gas trapped inside
the discharge tube and was independent of the cathode material [81]. He discovered that
these canal rays were positively charged [71, 81]. Jean-Baptiste Perrin (1870–1942) studied
the rays emanating from the cathode and discovered them to be negatively charged in
1895 [82].
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Philipp Eduard Anton Lenard (1862–1947) introduced a thin aluminum window in the
vacuum tubes that enabled him to pass out the cathode rays and study them at different
pressures, leading up to the discovery of the electron [83]. Like Aleksandr Gregorjevitsj
Stoletov (1839–1896), Lenard studied metals by irradiating them with UV light in vacuum
after Hertz discovered in 1887 that, upon UV irradiation, charged objects lose their charge
faster [54]. In 1888, Stoletov discovered that for this photoelectric effect the light intensity
and the induced photoelectric current were proportional [84]. In 1902, Lenard published
that the emitted rays were similar to the cathode rays and more energetic for shorter
wavelengths of incident UV radiation [85]. In 1895, Wilhelm Conrad Röntgen (1845–1923)
discovered X-rays with Crookes tube [86]. Sir John Sealy Townsend (1868–1957) found
between 1897 and 1901 that the electrons, accelerated in the electric field within the gas
discharge tube, were responsible for ion formation by freeing additional electrons from the
gas molecules they collided with; a process called Townsend discharge or avalanche [87].
(A process that in 1930 resulted in the discovery of the electron multiplier through
secondary emission by Philo Taylor Farnsworth (1906–1971) [88].) Wilhelm Wien (1864–
1928) discovered that the canal rays could be deflected by strong electric and magnetic
fields, which enabled him to separate cation and anion rays, leading up to a series of his
important discoveries: cation rays generated in different gases lead to the formation of
different cations of varying mass-to-charge ration (m/z) and cations generated in hydrogen
gas (Wien’s particles) have a ca. 1000-fold m/z discrepancy when compared to the
electrons in the anion rays [89-92]. He also noticed that the cation rays lost their charge
along the way, which led him to suggest that this might not be the case in a very high
vacuum system he and therefore started performing experiments with diluted gases [91].
Sir Joseph John Thomson (1856–1940) showed in 1897 that anion rays consisted of
particles, which he called corpuscles [93]. These were given the name electron, as
suggested by George Francis FitzGerald (1851–1901) in the same year [94]. FitzGerald
referred to the work of his uncle, George Johnstone Stoney (1826–1911), who had
determined the charge of the particle of electricity in 1874 [95], an idea that was promoted
by Helmholtz in 1881 [96]. Stoney had named this particle of electricity the electron in 1891
[97, 98].

2.7

Incandescence and thermionic emission: the

thermoelectric effect
All materials have a constant of proportionality between the current that flows through
them and the potential that is applied across opposite ends; this constant is known as the
material’s resistance. This property was recognized by Georg Simon Ohm (1878–1854),
who published his findings in 1827 [99]. His law was reformulated by Gustav Robert
Kirchhoff (1824–1887) [100] to:
𝑉𝑉

𝐼𝐼 = ,
𝑅𝑅
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(2.7)

where I is the current flowing through a material with resistance R due to an applied
potential V.
A material’s resistivity of length l and cross sectional area A normal to l can be derived
from Pouillet’s law, named after Claude Servais Mathias Pouillet (1790–1868) [101]:
𝑅𝑅 =

𝜌𝜌𝜌𝜌
𝐴𝐴

,
(2.8)

where 𝜌𝜌, the resistivity, is the ratio between the electric field E to the current density J it
creates:
𝐸𝐸

𝜌𝜌 = .
𝐽𝐽

(2.9)

The inverse of the resistivity is the conductivity:
1

𝜎𝜎 = .
𝜌𝜌

(2.10)

Heating metals to such a high temperature that they start to glow with a visible light, is
called incandescence. Davy had shown that a material’s resistance depended on its
temperature [101]. James Prescott Joule (1818–1889) published in 1840 and subsequent
years that electricity could be transformed into heat, which led him to reject the caloric
theory of heat and to propose that various forms of energy are the same and
interchangeable [102-107].
In a resistor the electrical energy can be completely transformed into heat [3]:
𝑄𝑄 = 𝑈𝑈𝑈𝑈𝑈𝑈 =

𝑈𝑈 2 𝑡𝑡
= 𝐼𝐼2 𝑅𝑅𝑡𝑡,
𝑅𝑅

(2.11)

where Q denotes the generated heat, U the applied potential on both ends of the resistor,
I the current flowing through the resistor, R, the resistance and t is time.
By passing a current through a metal wire, he showed that the wire heats up due to the
resistance the current experiences, which, if the temperature is sufficiently high, will also
result in a glowing light. This effect is known as Joule heating. Joule’s first law states that
the power, P, of heating generated by an electrical conductor is proportional to the product
of its resistance and the square of the current:
𝑃𝑃 ∝ 𝐼𝐼2 ∙ 𝑅𝑅.

(2.12)

11

This heating also gives rise to thermionic emission: a thermally induced flow of charge
carriers, such as electrons and ions, from a surface or over a potential-energy barrier. The
thermoelectric effect, where a direct conversion of temperature differences to an electric
voltage occurs and the other way around, encompasses three different effects, which are
briefly discussed here:
1.

The Seebeck effect is the conversion of heat directly into electricity at the
junction of different types of wire, which was discovered in 1821 by Thomas
Johann Seebeck (1770–1831) [108]. The differing induced electron energy level
shifts upon a temperature change in the two different metals at the junction,
result in a potential difference, ∆𝑉𝑉, and hence a magnetic field is induced around
wires.
𝐽𝐽 = 𝜎𝜎(−∆𝑉𝑉 + 𝐄𝐄𝑒𝑒𝑒𝑒𝑒𝑒 ),

(2.13)

where 𝐽𝐽 is the current density and 𝐄𝐄𝑒𝑒𝑒𝑒𝑒𝑒 is a locally created electromotive field:
𝐄𝐄𝑒𝑒𝑒𝑒𝑒𝑒 = −𝑆𝑆∆𝑇𝑇,

(2.14)

where S is the material-specific Seebeck coefficient and ∆𝑇𝑇 is the temperature
gradient.
2.

The Peltier effect was discovered in 1834 by Jean Charles Athanase Peltier (1785–
1845) and is the reverse of the Seebeck effect: heating or cooling at the junction
by passing a current, 𝐼𝐼, through a junction between to different metals A and B
[109].
𝑄𝑄 = (Π𝐴𝐴 − Π𝐵𝐵 )𝐼𝐼.

(2.15)

The Peltier coefficient (Π) relates to the Seebeck coefficient:
Π = 𝑇𝑇𝑇𝑇.
3.

The Thomson effect, discovered by William Thomson, which describes the
heating or cooling of a current-carrying conductor with a temperature gradient,
was predicted and observed by Thomson in 1851 [110].
𝑞𝑞̇ = −𝐾𝐾𝐾𝐾 ∙ ∆𝑇𝑇,
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(2.16)

(2.17)

where 𝐾𝐾denotes the Thomson coefficient, which he discovered to be related to
the Peltier and Seebeck coefficients in 1854 [111] through:
𝐾𝐾 =

𝑑𝑑Π
𝑑𝑑𝑑𝑑

− 𝑆𝑆.

(2.18)

This relation is only valid in the absence of an external magnetic field, or
when the materials involved do not possess magnetic properties of their own.
Thermionic emission was originally discovered by Edmond Becquerel in 1853 [112] and
subsequently rediscovered by Frederick Guthrie (1833–1886) in 1873 [113], who proved
that a negatively charged iron sphere loses its charge when heated, whereas a positively
charged heated iron sphere does not. Thomas Alva Edison (1847–1931) employed
thermionic emission by creating the first practical incandescent light bulb in 1879 [114],
followed by his electrical indicator, which was patented in 1884 [115]. At this time, the
concepts of ions and electrons were not yet conceived.
In 1904, Sir Josh Ambrose Fleming (1849–1945), based on Edison’s electrical indicator,
invented the thermionic valve [116, 117], better known as the vacuum tube. It is basically
a diode, which can control the electric current between the electrodes in an evacuated
chamber and can therefore be used as a rectifier: essential to convert alternating current
to direct current and, therefore, opened up many new possibilities in the field of
electronics. By adding an additional grid electrode, Lee de Forest (1873–1961) created the
first triode in 1906 and enabled the amplification weak electrical currents [118]. In 1913,
Irving Langmuir (1881–1957) discovered that the heated thermionic cathode creates a
space charge around itself, because only the electrons on the outer side of this space
charge cloud are attracted to the anode. By adding an extra grid with a low positive
potential in between the heated thermionic cathode and the triode’s control grid and
anode, the space charge could be expanded, resulting in an increased anode current, which
means that the amplifier can work at lower anode voltages [119]. This led to the
development of the tetrode in 1916 by Walter Hermann Schottky (1886–1976) [120, 121]
and the pentode in 1926 by Gilles Holst (1886–1968) and Bernard D. H. Tellegen (1900–
1990), composed of a heated thermionic cathode, a control grid, a screen grid, a suppressor
grid and an anode, which prevented oscillations caused by secondary emission electrons
[122].
In 1901, Sir Owen Willans Richardson (1879–1959) published an equation, similar to the
Arrhenius equation, relating the current emitted by a heated wire exponentially to the
temperature of this wire and thereby being the first to quantitatively describe the
thermionic emission phenomenon [123]. This equation nowadays incorporates what is
known as the metal’s work function. A term that was first used in 1916 by Horace H. Lester
[124].
In the first few decades of the previous century more efforts were made to gain a
theoretical understanding of electron emission. Building on the work of Langmuir, Schottky
developed a theoretical framework for electron emission from the heated thermionic
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cathode [125]. Saul Dushman (1883–1954) described the electron emission as a function
of temperature in 1923 by treating the free electrons as a monoatomic gas, the electron
gas [126]. Sir Ralph Howard Fowler (1889–1944) and Lothar Wolfgang Nordheim (1899–
1985) published in 1928 on field electron emission [127]. The more recent developments
and the various forms of electron emission will be discussed in more detail in Chapter 5

2.8

The atom, subatomic particles, models and

electronic configuration
The Greek word ἄτομον, meaning indivisible, relates to what the Greek philosophers
Leucippus and Democritus are credited with to have defined as the universal building block
that constitutes the universe [128].
Joseph Priestley’s (1733–1804) work on dephlogisticated air and his discovery of oxygen
marked the end of the phlogiston theory, which was used to explain oxidative processes
and set the stage for the atomic theory [129]. In 1789, Antoine Laurent Lavoisier (1743–
1794) published his analytical work on chemical experiments in which he defines a
substance that cannot be transformed through chemical reactions and forms the basis of
other, larger chemical entities, as an element [130]. Lavoisier’s experiments resulted in the
law on the conservation of mass, the mass of the reactants equaling the mass of the
products after a chemical reaction, in 1773 [131]. In 1792, Jeremias Benjamin Richter
(1762–1807), coined the term stoichiometry, enabling calculating based on the amounts of
reactants and resulting products [132]. These developments were followed by Joseph Louis
Proust’s (1754–1826) law of definitive proportions in 1794, which states that elemental
composition of the compound it composes, is fixed [133].
Proust’s law is at the heart of John Dalton’s (1766–1844) atomic theory, published in
1804, which states that elements, composed of indivisible atoms determining the
element’s characteristics, can be combined in whole-number ratios to form compounds,
whose elements in turn can be rearranged in chemical reactions to form other compounds
[134, 135].
In the following decades Jöns Jacob Berzelius (1779–1848), who supported Dalton’s
theory, compiled atomic weight tables, discovered several elements and developed a
chemical notation based on compound’s stoichiometric elemental ratios, still used today
[136]. In 1869, Dmitri Ivanovich Mendeleev (1834–1907) presented the first
comprehensive, periodic table of the elements [137].
Thomson’s discovery of the electron marked the discovery of the first subatomic particle
in 1897 [93]. This enabled Paul Karl Ludwig Drude (1863–1906) in 1900 to explain the
electric and thermal conduction in metals by applying the kinetic theory of gases to an
imagined electron gas [138, 139].
The 𝛼𝛼 -particle beam experiments on thin gold foils, carried out under Rutherford’s
supervision, by Hans Wilhelm Geiger (1882–1945) and Sir Ernest Marsden (1889–1970),
resulted in a scattering pattern, which led to the discovery that every atom contains a
nucleus where its positive charge and most of its mass is concentrated [140-145].
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Rutherford established the atomic nucleus in 1911 [144] and assigned its positive charge in
1913 [145] and this led Antonius van den Broek (1870–1926) to suggest in the same year
that each element in the periodic table needs to be sorted according to its nuclear charge
[146], which Henry Moseley (1887–1915) confirmed experimentally in 1913 with the
previously discovered X-rays [147]. In 1917, Rutherford performed a nuclear reaction
between nitrogen and the alpha particles he had previously discovered, resulting in oxygen
and the liberation of the hydrogen nucleus, which was subsequently named the proton
after William Prout (1785–1850), who had suggested in 1815 that all atoms are composed
of hydrogen atoms, or the protyle, as he called it [148, 149].
Frederick Soddy (1877–1956), through studying decay chains of radioactive elements,
discovered the existence of chemically inseparable elements, which he called isotopes in
1913 [150, 151]. In 1920, Francis William Aston (1877–1945), using a mass spectrograph,
managed to separate the isotopes of neon and defined the whole number rule: the masses
of all isotopes are a multiple of the mass of a proton [152, 153]. The discovery of the
neutron in 1932 by James Chadwick (1891–1974) [154, 155] solved the disparity between
the number of protons and the elemental mass and provided and explanation for the
observed isotopes.
In 1913, Niels Henrik David Bohr (1885–1962) proposed the Bohr atom model, where he
expanded the atomic model with quantum theory, allowing him to predict the spectral lines
of the hydrogen atom [156]. In this model, the electron is confined to moving around the
nucleus in fixed orbits with a defined energy associated with it. It could make a leap from
one orbit to another by absorbing a quantum of energy, a photon, of the appropriate
energy or by emitting one. This model, however, is limited to predicting a few of hydrogen’s
spectral lines and cannot be expanded to other elements. Arnold Johannes Wilhelm
Sommerfeld (1868–1951) generalized Bohr’s model in the following years [157].
In 1919, Langmuir suggested the order of the elements in the periodic table could be
understood based on grouping their respective electrons in shells [158]. Some elements,
such as noble gases, possess a certain number of electrons forming stable closed shell
arrangements giving rise to their inertness [159].
Spectral line splitting caused by a magnetic field, known as the Zeeman effect, was
discovered in 1897 by Pieter Zeeman (1865–1943) [160, 161] and forms the basis of the
NMR and MRI technology. Spectral line shifting and splitting by an electric field, the Stark
effect, was discovered by Johannes Stark (1874–1957) [162]. These two effects are caused
by the electron spin. Otto Stern (1888–1969) and Walther Gerlach (1889–1979) showed
that the particle’s intrinsic angular momentum is quantized in 1922 [163-165]. George
Eugene Uhlenbeck (1900–1988) and Samuel Goudsmit (1902–1978) provided an
explanation by proposing the electron spin to describe its intrinsic angular momentum in
1925 [166]. The spin being defined by the spin quantum number s. Wolfgang Pauli (1900–
1958) stated his exclusion principle in 1925. This principle implies that two identical
fermions (a particle with a half-integer spin) cannot occupy the same quantum state in the
same quantum system [167].
In 1924, Louis-Victor-Pierre-Raymond de Broglie (1892–1987) suggested that electrons
and in fact all particles can exhibit wave properties [168] and therefore possess a
wavelength, 𝜆𝜆, inversely proportional to its impulse, p:
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ℎ
𝜆𝜆 = ,
𝑝𝑝

(2.19)

where h denotes the Planck constant.
Erwin Rudolf Josef Alexander Schrödinger (1887–1961) took up this idea of wave-particle
duality and developed it in 1926 to describe the electron as a wavefunction rather than a
particle, which could explain the additional spectral lines [169]. The following year, Max
Born (1882–1970), Werner Karl Heisenberg (1901–1976) and Ernst Pascual Jordan (1902–
1980) developed the probability density function for the Schrödinger equation, which is a
statistical interpretation of the wave function and indicates the probability of an electron
to be found in a specific state [170-172]. In 1927, Heisenberg pointed out that the wave
function description implies that the momentum and position of the electron cannot be
derived simultaneously [173]. In 1928, Leonid Isaakovich Mandelstam (1879–1944) and
Mikhail Alexandrovich Leontovich (1903–1981) discovered that one of the implications of
Schrödinger’s equation was quantum tunneling, where a particle passes through a barrier
that it would classically not be able to pass [174].
By 1926, Paul Adrien Maurice Dirac (1902–1984) and Enrico Fermi (1901–1954) made
significant contributions to the development of quantum theory, particle physics and
statistical mechanics, which are essential for our understanding of fermions [175, 176].
Fermi-Dirac statistics describe the distribution of fermions over different energy states in a
system with thermodynamic equilibrium.
The wave-like behavior of an electron or an electron pair can be described by a
mathematical function, based on a set of quantum numbers and this function describes an
atomic orbital (AO), a term coined by Robert Sanderson Mulliken (1896–1986) in 1932 [177,
178]. Four quantum numbers can describe an atom’s electron completely: the principle
quantum number (n), the orbital quantum number (l), the orbital angular momentum (ml)
and the spin quantum number (s) [159]. The orbital quantum number describes the shape
of the AO; the orbital angular momentum describes the directionality of the AO. The atomic
orbitals are typed according to their shapes and symmetries [159]. The four most common
types are s, p, d and f, which correspond 0, 1, 2, 3 as values for the orbital quantum number,
respectively [159]. The orbital angular momentum gives rise to what is known as
degeneracy: degenerate orbitals possess the same energy, but have a different orientation
and/or geometry [159].
The electron configuration, the distribution of electrons of an atom or molecule in atomic
or molecular orbitals, is guided by a few rules and principles. According to the aufbau
principle, electrons fill the atomic orbitals starting from the lowest energy level orbitals,
working up to higher energy level orbitals once filled [159]. In 1925, Friedrich Hermann
Hund (1896–1997) defined the rule of maximum multiplicity stating that electrons will fill
energy level orbitals of the same energy singly until all of these orbitals are filled before
pairing up with other electrons [159, 179]. This means, for example, that the two electrons
in the same quantum state must have opposite spins, which implies that each element
needs several shells with different quantum states to house all its electrons.
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Schrödinger’s work had developed into a model that could describe an atom. But atoms
occur in larger structures and therefore, they must bind to each other. In 1916, Gilbert
Newton Lewis (1875–1946) suggested that bonds were the result of the formation of
electron pairs from valence electrons, so-called covalent bonds [180]. Valence electrons
are outer shell electrons that can participate in chemical bonds and they determine the
electrical conductivity of a substance. In 1927, Walter Heinrich Heitler (1904–1981) and
Fritz Wolfgang London (1900–1954) developed the theory of valence bonding [181]. Linus
Carl Pauling (1901–1994) applied the concepts of Lewis, Heitler and London and developed
the concepts of resonance and orbital hybridization (see Appendix I, Table I.2.1), thereby
expanding the valence bond theory further [182-184].
Valence shell electron pair repulsion (VSEPR) theory was developed by Ronald James
Gillespie (1924–) and Sir Ronald Sydney Nyholm (1917–1971) based on the observable
electron density and predicts molecular geometry based on repulsion rather than
wavefunctions [185, 186].
The efforts of Hund, Mulliken, John Clarke Slater (1900–1976) [187, 188] and Sir John
Edward Lennard-Jones (1894–1954) [189-192] developed the atomic quantum mechanical
electron description in a different fashion, and lead to the molecular orbital theory [193].
This model divides the valence electrons over molecular orbitals, describing the entire
molecule and the result from merging atomic orbitals, rather than dedicating electrons to
individual interatomic bonds, thereby providing and alternative for the valence bond
theory [159]. Molecular orbitals can be quantitatively calculated by the Hartree-Fock
method developed in 1930 by Douglas Rayner Hartree (1897–1958) and Vladimir
Aleksandrovich Fock (1898–1974) [194]. This was first achieved for molecular hydrogen in
1938 by Charles Alfred Coulson (1910–1974) [195-199]. Molecular orbital theory
incorporates the symmetric aspects of group theory and leads to the formation of three
kinds of molecular orbitals: bonding, non-bonding and antibonding, into which two
electrons with opposite spin can be located.
The lowest energy state the system can be in is called the ground state. Any other state
is referred to as an excited state. In molecules, electrons will be generally found in the lowenergy bonding, and, if required, non-bonding molecular orbitals (MOs). When an atom’s
valence electron in a molecule absorbs a photon, this electron becomes excited and would
end up in a different molecular orbital, such as an antibonding molecular orbital.
Crystal-field theory was developed in the 1930s by Hans Albrecht Bethe (1906–2005) and
John Hasbrouck Van Vleck (1899–1980) and is an electrostatic model predicting that the dorbitals in a metal complex are not degenerate and the pattern of d-orbital splitting
depends on the crystal field, determined by the arrangement and type of ligands, giving
rise to the magnetic and optical properties of transition metal complexes [159, 200].
Combining the principles of molecular orbital theory and crystal-field theory led to the
development of ligand-field theory, introduced in 1957 by John Stanley Griffith (1928–
1972) and Leslie Eleazer (1927–2007) [201].
Felix Bloch (1905–1983) developed a model for crystals. He introduced the Bloch waves
to describe the electrons as wavefunctions in periodic lattices [202]. These Bloch waves
form the foundation of the electronic band structures: the energy levels that electrons can
and cannot have in a solid, a concept developed by Alan Herries Wilson (1906–1995) called
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band theory [203]. The band theory allows to explain electrical conductivity and this will be
discussed in more detail in Chapter 5.

2.9

Mass

So far, this historic account has focused on charge, magnetism and electricity, and atomic
and molecular models, but for mass spectrometry a brief discussion about mass cannot be
gone without.
The inertial mass, m, is the property of an object that measures its resistance to
acceleration [2]. The property of an object responsible for the gravitational force it exerts
on another object is its gravitational mass, mG [2]. Experimental evidence, collected ever
since Simon Stevin (1548–1620) started conducting free-fall experiments in the 1580s
[204], has shown that the free-fall acceleration is the same for all objects and therefore the
ratio between inertial mass, m, and gravitational mass, mG, is constant and equals the ratio
between the gravitational field, g, and the acceleration of the object, a [2]:
𝑚𝑚
𝑔𝑔
= .
𝑚𝑚𝐺𝐺 𝑎𝑎

(2.20)

Galileo Galilei (1564–1642) stated this relationship around 1590 [205]. In 1906, Kepler
used this principle of equivalence between inertial and gravitational mass to describe what
would happen if the moon would stop orbiting the earth [206]. Sir Isaac Newton (1642–
1727) incorporated Galileo’s principle in his first law [207], the law of inertia: an object at
rest stays at rest unless acted on by an external force; an object in motion continues to
travel with constant velocity unless acted on by an external force [2]. The principle of
equivalence between the inertial and gravitational mass forms the basis of Einstein’s
general theory of relativity from 1915 [2, 208].
Newton’s second law describes that the direction of acceleration of an object is in the
direction of the net external force acting on it [2]:
� 𝑭𝑭 = 𝑚𝑚𝒂𝒂.

(2.21)

Newton’s third law states that the forces two objects (A and B) exert on one another
always occur as equal and opposite pairs:
𝑭𝑭𝐴𝐴→𝐵𝐵 = −𝑭𝑭𝐵𝐵→𝐴𝐴 .
Newton’s gravitational law provides us with the gravitational constant, G:
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(2.22)

𝐹𝐹𝐴𝐴𝐴𝐴 =

𝐺𝐺𝑚𝑚𝐴𝐴 𝑚𝑚𝐵𝐵
.
𝑟𝑟𝐴𝐴𝐴𝐴 2

(2.23)

These laws together form the foundation of classical mechanics [207], which is applicable
in most cases, as long as particles involved are not small and their speeds are not high.

2.10 Energy
It was Thomas Young who first employed the term ‘energy’ in his book on natural
philosophy and the mechanical arts, published in 1807 [209]. This thesis involves energy of
many different forms and hence I will briefly summarize the major developments in
thermodynamics leading up to the four laws it encompasses.
Zeroth law: ‘If A is in thermal equilibrium with B and B is in thermal equilibrium with C,
then C is also in thermal equilibrium with A [210].’
To justify the concept of temperature and the use of a thermometer, the zeroth law was
defined. It basically defines the thermal equilibrium an isolated system attains after a
sufficient amount of time has passed and that upon combining two such systems, thermal
equilibrium will be attained again by heat exchange until the temperatures of both systems
are equal.
First law: ‘The internal energy of an isolated system is always constant [210].’
To arrive at the first law of thermodynamics the nature of heat and work and their
relationship needed to be understood. The phlogiston theory of combustion, developed by
Johann Joachim Becher (1635–1682) and Georg Ernst Stahl (1659–1734), identified the
phlogiston as the substance of heat [211-213]. In 1777, Lavoisier replaced the phlogiston
with a fluid he called the caloric, which was thought to be an invisible fluid of heat that
bodies could contain and, supposedly, flows from warmer to colder bodies [214].
This theory became ambiguous by the work that was done on steam engines. Thomas
Savery (1650–1715) invented the first commercially used steam engine, which he patented
in 1698 [215]. In 1712, Thomas Newcomen (1664–1729) used the piston steam engine
developed by Denis Papin (1647–1713) in 1690 [216] to improve this steam engine, which
could now be operated at atmospheric pressure [217]. Joseph Black (1728–1799) and
James Watt (1736–1819) worked together on the steam engine and the latter improved it
further in 1769 by employing an external condenser [218]. Black developed the concepts
of (specific) latent heat (the heat required to completely change the phase of a unit of mass
of a material) and of heat capacity in 1762 [219]. Capacity referred to the amount of the
caloric fluid a body could contain.
The heat capacity, Cp or CV (with the subscripts referring to constant pressure or constant
volume, respectively), denotes the heat, ΔQ, required to change the temperature of a body
by one degree and is given by:
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𝐶𝐶 =

Δ𝑄𝑄
Δ𝑇𝑇

,
(2.24)

when the temperature change ΔT is sufficiently small to consider the heat capacity to be
constant. When this heat capacity refers to a specific material, it is referred to as the
specific heat capacity, cp or cV (at constant pressure or constant volume, respectively), and
is divided by the material’s mass. When the specific heat capacity is divided by the amount
of substance, it is referred to as the molar heat capacity, Cm.
Sir Benjamin Thompson, count of Rumford (1753–1814) showed in 1798 that friction can
lead to heat production and that this was due to motion, rather than caloric movement,
since its supply seemed endless [220].
To understand the relationships between temperature (T), pressure (p), volume (V), heat
capacity (C) and the number of particles in a system (n), the derivation of the ideal gas law
was pivotal. Combining Boyle’s law (derived in 1662 by Robert William Boyle (1627–1691)
[221]):
1

𝑝𝑝 ∝ ,
𝑉𝑉

(2.25)

with Charles’s law (formulated late 18th century by Jacques Alexandre César Charles (1746–
1823) and proven experimentally by Dalton in 1801 [222, 223] and by Joseph Louis GayLussac (1778–1850) in 1802 [224]):
𝑉𝑉 ∝ 𝑇𝑇

(2.26)

and Avogadro’s law (stated in 1811 by Lorenzo Romano Amedeo Carlo Avogadro (1776–
1856) [225]):
𝑉𝑉 ∝ 𝑛𝑛

(2.27)

Benoît Paul Émile Clapeyron (1799–1864) was the first to derive the ideal gas law in 1834
[226]:
𝑝𝑝𝑝𝑝 = 𝑛𝑛𝑛𝑛𝑛𝑛,

(2.28)

where the gas constant, R, which is the product of the Boltzmann constant, kB, and the
Avogadro number, NA, is given by:
𝑅𝑅 = 𝑘𝑘𝐵𝐵 𝑁𝑁𝐴𝐴 .
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(2.29)

Both Julius Robert von Mayer (1814–1878) [227, 228] and Joule [229] established the
quantitative relationship between heat and mechanical work in the 1840s, explaining
Thompson’s observations. Mayer derived the relationship between the heat capacity at
constant volume, cV, and the heat capacity at constant pressure, cp, for an ideal gas [3]:
𝑐𝑐𝑝𝑝 − 𝑐𝑐𝑉𝑉 = 𝑅𝑅,
where R denotes the gas constant.
The relationship between 𝑐𝑐𝑝𝑝 and 𝑐𝑐𝑉𝑉 is given by:

𝑐𝑐𝑝𝑝 = 𝑐𝑐𝑉𝑉 + 𝑇𝑇

𝛼𝛼 2

𝜅𝜅𝜅𝜅

(2.30)

.
(2.31)

where α is the thermal expansion coefficient, κ is the isothermal compressibility and ρ is
the density.
In 1846, Sir William Robert Grove (1811–1896) postulated that light, heat, mechanics,
electricity and magnetism were all connected by a single force [230]. The next year,
Hermann Ludwig Ferdinand von Helmholtz (1821–1894), who was acquainted with the
work of Joule and Mayer and formulated the principle of conservation of energy in 1847
[231]. The total energy an isolated system possesses, is named the internal energy, U, after
Helmholtz. A change in the internal energy of a closed system, where heat and work can
be exchanged with the environment whilst the number of particles in the system remains
the same, is the result of an exchange between heat and work:
∆𝑈𝑈 = ∆𝑄𝑄 + ∆𝑊𝑊,

(2.32)

where ΔU is the internal energy change of a closed system, ∆𝑄𝑄 is the heat supplied to the
system and ∆𝑊𝑊 is the work done by the system on its surroundings (∆𝑊𝑊 < 0), or the work
done on the system (∆𝑊𝑊 > 0). For a reversible process such as gas expansion, ∆𝑊𝑊 is given
by:

and ∆𝑄𝑄 is given by:

∆𝑊𝑊 = −𝑝𝑝∆𝑉𝑉

(2.33)

∆𝑄𝑄 = 𝑇𝑇∆𝑆𝑆.

(2.34)

In 1873, Johannes Diderik van der Waals (1837–1923) published a modified version of
the ideal gas law, which can be applied to real gases, because it takes the volume of the

21

gas particles into account, given by 𝑏𝑏, as well as the attraction between these particles,
which reduce the pressure, given by 𝑎𝑎 [232]. This results in the following law for real gases:
𝑛𝑛 2
�𝑝𝑝 + � � 𝑎𝑎� (𝑉𝑉 − 𝑛𝑛𝑛𝑛) = 𝑛𝑛𝑛𝑛𝑛𝑛.
𝑉𝑉

(2.35)

In an adiabatic process energy is transferred solely by work, so without the transfer of
heat or matter between the system and its surroundings. Real (van-der-Waals) gases, which
are kept under a very high pressure, and that can expand, cool down when the gas
temperature lies below their inversion temperature. During the expansion no work is
performed and when the expansion is very fast, no heat exchange with the surroundings
can occur: the internal energy remains the same. This is known as an irreversible adiabatic
expansion, or the Joule–Thomson effect. The Joule–Thomson coefficient, 𝛿𝛿, determines
the inversion curve and is given by [3]:
𝛿𝛿 =

𝑇𝑇𝑇𝑇 − 1
𝑉𝑉
(𝑇𝑇𝑇𝑇 − 1) =
,
𝑐𝑐𝑝𝑝 𝜌𝜌
𝐶𝐶𝑃𝑃

(2.36)

where 𝛼𝛼 is the isobaric coefficient of expansion.
The inversion temperature, 𝑇𝑇𝑖𝑖 , is the temperature below which an irreversible expansion
of a gas leads to its cooling down. Above this temperature the irreversible expansion will
lead to heating up the gas. The inversion temperature is pressure-dependent and relates
to the critical temperature, 𝑇𝑇𝑐𝑐 [3]:
𝑇𝑇𝑖𝑖 =

2𝑎𝑎

𝑅𝑅𝑅𝑅

= 6.75𝑇𝑇𝑐𝑐 .

(2.37)

This irreversible expansion of a real gas, can be compared with the development of the
MALDI plume. The expansion will inevitably lead to a temperature decrease, which means
that the energy for reactions will become reduced and combined with the spatial distance
between the in-plume species, it follows that reactions will no longer be possible.
Second law: ‘No process is possible in which the sole result is the absorption of heat from
a reservoir and its complete conversion into work [210].’
To explain the previous concepts of pressure, volume, temperature, thermal conductivity
and their relations, the kinetic theory of gases needed to be developed.
Following the work of Stevin and Galileo [204, 233] on mechanics, Huygens published his
work on pendulums and horology in 1673, concluding that perpetual motion must be
impossible [234]. Gottfried Wilhelm Leibniz (1646–1716) described the energy, required to
provide an object of mass m at rest a certain velocity 𝜐𝜐, the kinetic (κίνησις: motion) energy,
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Ek, then known as the living force, vis viva, and suggested the first mathematical
formulation for it [235, 236]:
𝐸𝐸𝑘𝑘 ∝ � 𝑚𝑚𝑖𝑖 𝜐𝜐𝑖𝑖2 .
𝑖𝑖

(2.38)

Willem Jacob ‘s Gravesande (1688–1742) provided experimental proof of Leibniz’s
mathematical formulation by looking at the indentations on clay surface made by dropping
spheres, correlating the square of the sphere’s velocity to the displaced volume of clay
[237]. Émilie Du Châtelet (1706–1749), who had translated the work of Newton, added the
work of ‘s Gravesande on kinetic energy to it. She realized the difference between
Newton’s conservation of momentum and Leibniz’s conservation of energy and pointed
out that potential energy could be transformed in kinetic energy and vice versa [238]. This
law is essentially an example of Noether’s theorem, which explains the connection
between symmetry and conservation laws, and was published in 1918 by Amalie Emmy
Noether (1882–1935) [239].
Daniel Bernoulli (1700–1782) laid the basis for the kinetic theory of gases in 1738, by
stating that gases are composed of particles moving in all directions and that when these
particles hit a surface, we conceive this as pressure and that the resulting heat is the kinetic
energy of their motion [240]. The final equation for kinetic energy was arrived at through
the work of Jean-Victor Poncelet (1788–1867) [241] and Gaspard-Gustave Coriolis (1792–
1843) [242-244], but was already published in 1738 in the work of Bernoulli [240]:
1
𝐸𝐸𝑘𝑘 = � 𝑚𝑚𝑖𝑖 𝜐𝜐𝑖𝑖2 .
2
𝑖𝑖

(2.39)

John Herapath (1790–1868) stated that the momentum of a particle in a gas is related to
the absolute temperature of the gas [245, 246], which relates particle velocity to the
temperature, while the momentum, 𝒑𝒑, for a translational motion is given by:
𝒑𝒑 = 𝑚𝑚𝝊𝝊.

(2.40)

Nicolas Leonard Sadi Carnot (1796–1832) showed in 1824 that a heat engine’s operating
temperature determines the work output compared to the heat input, or in other words:
its efficiency [247]. Rudolf Julius Emmanuel Clausius (1822–1888) and Thomson were
inspired by the work of Sadi Carnot [248]. It led the latter to suggest a temperature scale
with an absolute zero temperature at −273 °C in 1848 [249]. In 1850, Clausius published
that heat does not spontaneously flow from hot to colder bodies, distancing himself from
the caloric theory of heat and paving the way for entropy and stochastic processes [250].
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August Krönig suggested a model based on the translational motion of particles in 1856
[251]. Clausius included translational, vibrational and rotational motion in his kinetic theory
and introduced the mean free path of a particle in 1857 [252].
In 1859, Maxwell introduced statistics to this theory by applying the Maxwell distribution
to the molecular velocity of the particles [253-255]. Ludwig Eduard Boltzmann (1844–1906)
expanded Maxwell’s theory to what it now known as the Maxwell-Boltzmann distribution
[256, 257], which, when applied to the velocity distribution of an ideal gas, is given by:
3

1
𝑚𝑚𝜐𝜐2
2

�−
�
𝑘𝑘𝐵𝐵 𝑇𝑇
𝑚𝑚
2
� 𝑒𝑒
.
𝑓𝑓(𝝊𝝊) = 4𝜋𝜋𝜐𝜐 2 �
2𝜋𝜋𝑘𝑘𝐵𝐵 𝑇𝑇

(2.41)

where 𝑘𝑘𝐵𝐵 denotes the Boltzmann constant.
The velocity distribution of the particles depends on the temperature and their masses.
The average quadratic velocity of particles in an ideal gas is given by:
3𝑘𝑘𝐵𝐵 𝑇𝑇
����
𝜐𝜐 2 = �
.
𝑚𝑚

(2.42)

Therefore, for a system of N particles of an ideal gas with three degrees of translational
freedom, but without rotational degrees of freedom, the kinetic energy, and hence the
internal energy of a system, is related to the temperature through [3]:
𝐸𝐸𝑘𝑘 =

3𝑁𝑁𝑘𝑘𝐵𝐵 𝑇𝑇
2

.
(2.43)

The most probable velocity, 𝜐𝜐𝑚𝑚𝑚𝑚𝑚𝑚 , in a Maxwell-Boltzmann distribution is given by:
𝜐𝜐𝑚𝑚𝑚𝑚𝑚𝑚 = �
and the average velocity, 𝜐𝜐̅ , by:
𝜐𝜐̅ = �
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2𝑘𝑘𝐵𝐵 𝑇𝑇
2 2
= � ����
𝜐𝜐
𝑚𝑚
3

8𝑘𝑘𝐵𝐵 𝑇𝑇
8
= � ����
𝜐𝜐 2 .
𝜋𝜋𝜋𝜋
3𝜋𝜋

(2.44)

(2.45)

The equipartition theorem of John James Waterston (1811–1883), in a lost manuscript
from the 1840s [258] stated that every degree of freedom, f, a system has, receives an
equal share of its energy. The average energy of a gas particle, 𝐸𝐸� , is therefore given by [3]:
𝐸𝐸� =

𝑓𝑓
𝑘𝑘 𝑇𝑇.
2 𝐵𝐵

(2.46)

This statistical mechanics theorem, however does not explain the black-body radiation.
An object’s entropy, S, is a measure for the amount of energy that cannot perform work
and indicates the number of arrangements the atoms in a system can have, in other words:
its describes the system’s randomness. This concept was introduced in 1865 by Clausius
[259]. It is described in the second law of thermodynamics [3]:
∆𝑆𝑆 =

∆𝑄𝑄
.
𝑇𝑇

(2.47)

The second law of thermodynamics states that the total entropy of an isolated system
can never decrease over time [3]:
𝑑𝑑𝑑𝑑
≥ 0.
𝑑𝑑𝑑𝑑

(2.48)

For a reversible process 𝑑𝑑𝑑𝑑 = 0 and for an irreversible process 𝑑𝑑𝑑𝑑 > 0 [3].
Boltzmann developed the entropy formula, which was reformulated by Max Karl Ernst
Ludwig Planck (1858–1947) in 1900 [260]:
𝑆𝑆 = 𝑘𝑘𝐵𝐵 𝑙𝑙𝑙𝑙Ω,

(2.49)

where Ω is the number of microstates an isolated macroscopic system in a thermodynamic
equilibrium can adopt.
Josiah Willard Gibbs (1839–1903) showed that thermodynamic processes, which include
chemical reactions, can be predicted to occur spontaneously when the energy, entropy,
pressure, volume and temperature of the thermodynamic system are considered [261,
262]. Gibbs introduced the concept of chemical potential µ: the energy absorbed or
released during a chemical reaction or a phase transition resulting from a change of the
number of particles of the species it relates to. To be able to describe chemical reactions,
where the pressure, volume, temperature and number of particles change, a few concepts
have been developed. The Helmholtz function is a thermodynamic potential that describes
the amount of work a closed thermodynamic system can supply at constant temperature
and volume and is given by [3]:
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𝐴𝐴(𝑇𝑇, 𝑉𝑉) = 𝑈𝑈 − 𝑇𝑇𝑇𝑇 = −𝑝𝑝𝑝𝑝 + 𝜇𝜇𝜇𝜇.

(2.50)

It can be used to describe reactions at a constant temperature (isothermal processes).
The enthalpy, H, which is equal to the internal energy of a system with the addition of
the product of its pressure and volume, is given by [3]:
𝐻𝐻(𝑆𝑆, 𝑝𝑝) = 𝑈𝑈 + 𝑝𝑝𝑝𝑝 = 𝑇𝑇𝑇𝑇 + 𝜇𝜇𝜇𝜇.

(2.51)

The enthalpy is used to describe processes occurring at constant pressure (isobaric
processes).
In 1840, Germain Henri Hess (1802–1850) defined that the total enthalpy difference
between the reactants and the products is independent of the reaction pathway [3, 263]:
∆𝐻𝐻 = 𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 .

(2.52)

This concept allows to define whether reactions are exothermic ∆𝐻𝐻 ≤ 0, or endothermic
∆𝐻𝐻 > 0 . Exothermic reactions occur spontaneously, whereas endothermic reactions
require enthalpy in order to occur. For isobaric processes the enthalpy change is given by
the change in heat [3]:
∆𝐻𝐻 = ∆𝑄𝑄.

(2.53)

The maximum of reversible work a thermodynamic system at constant temperature and
pressure can carry out is defined as the free enthalpy, or Gibbs function and was first
described in 1875 [3, 261, 262]:
𝐺𝐺(𝑇𝑇, 𝑝𝑝) = 𝐻𝐻 − 𝑇𝑇𝑇𝑇,

(2.54)

and therefore the energy difference between the reactants and the products of a chemical
reaction in an isolated system can be described by:
∆𝐺𝐺 = −𝑆𝑆∆𝑇𝑇 + 𝑉𝑉∆𝑝𝑝 + 𝜇𝜇∆𝑁𝑁.

(2.55)

In 1905, Albert Einstein [264], published on Brownian motion, followed by Marian Ritter
von Smolan Smoluchowski (1872–1917) in 1906 [265]. Brownian motion was first described
by Robert Brown (1773–1858) in 1827 [266] and is the is the random motion of particles
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suspended in a fluid resulting from their collision with the fast-moving molecules in the
fluid. The developed kinetic theory was successfully applied to describe this phenomenon.
Third law: ‘The entropy of all perfect crystalline substances is zero at T = 0 [210].’

Walther Hermann Nernst (1864–1941) proposed that when approaching absolute zero,
the entropy change, ΔS, for a chemical or physical transformation, provided all the
substances involved are perfectly crystalline, approaches zero [267]:
lim ∆𝑆𝑆 = 0.

𝑇𝑇→0

(2.56)

The crystal lattice will have no more lattice vibrations, since they are temperaturedependent and the material loses its heat capacity [3].
Besides the energy a body or a system possesses based on its velocity, it has energy by
virtue of its position, which is a more straightforward concept than kinetic energy. For this
form of energy William John Macquorn Rankine (1820–1872) introduced the term potential
energy, Ep, and therewith he was the first to apply Helmholtz conservation of energy law
[268, 269]. This form of energy also aids in explaining the electric potential energy, 𝐸𝐸𝐸𝐸 ,
between two charges [3]:
𝐸𝐸𝐸𝐸 (𝑟𝑟) = 𝑘𝑘𝑒𝑒

𝑞𝑞1 𝑞𝑞2
𝑟𝑟

(2.57)

or between a point charge in a homogeneous electric field [3]:
𝐸𝐸𝐸𝐸 (𝑟𝑟) = 𝑞𝑞𝑞𝑞.

(2.58)

2.11 Light
Among many other subjects, René du Perron Descartes (1596–1650) took an interest in
light and laid the foundation for the corpuscular theory of light [270, 271]. In 1665, Robert
Hooke (1635–1703) related the colors of light to what he called the pulse theory and
suggested that light vibrations could be perpendicular to its direction [272, 273]. In 1678,
Christiaan Huygens (1629–1695) suggested that light was composed of waves and
published this work in 1690 [274]. After Newton had published his corpuscular theory in
1704 [275], Huygens’s theory was supported by only a few, such as Franklin and Leonhard
Euler (1707–1783). However, after Thomas Young (1773–1829) had published his slit
experiment in 1803 [276], Huygens theory returned to the stage.
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Dominique François Jean Arago (1786–1853) and Augustin Jean Fresnel (1788–1827)
provided final proof for the wave-character of light by showing the existence of the Arago
spot [277], which had already been observed in 1715 by Joseph Nicolas Delisle (1688–
1768), but had passed by unnoticed [278]. This bright spot can only be explained by the
wave-theory of light.
For light to be a wave, however, it was thought to require a medium. The presence of a
medium was disproven by Albert Abraham Michelson (1852–1931) and Edward Williams
Morley (1838–1923) in 1887 by comparing the speed of light in perpendicular directions
[279].
In 1845, Faraday had discovered that linear polarized light rotates when traveling along
a magnetic field through a transparent dielectric and that the degree of rotation correlated
to the magnetic field strength [280]. In 1861, this observation inspired Maxwell, as
previously mentioned, to deduce that light is an electromagnetic phenomenon [46, 55].
In 1900, Planck introduced the quantization of light to explain black-body radiation [260,
281-284], previously related to the temperature by Boltzmann and Joseph Stefan
(1835−1893) [285, 286]:
𝐸𝐸 = ℎ𝜈𝜈.

(2.59)

In 1905, Einstein used this quantization of light to explain the photoelectric effect, which
led to the definition of the light quantum particle and his suggestion that light consists of
localized particles [287]. Robert Andrews Millikan (1868–1953) provided experimental
evidence for Einstein’s theory in 1914 by determining Planck’s constant [288] and in 1923,
Arthur Holly Compton (1892–1962) showed that Einstein’s theory could explain his
observation that the wavelengths of X-ray quanta, scattered by free electrons by an angle
𝛼𝛼, exceeded the wavelength of the incident X-rays, known as the Compton effect:
∆𝜆𝜆 =

ℎ

𝑚𝑚𝑒𝑒 𝑐𝑐

(1 − 𝛼𝛼),

(2.60)

and that therefore, energy had to be transferred to the electrons [289]. This underpinned
the wave-particle duality concept in quantum mechanics. The light quantum particle was
subsequently named a photon by Lewis in 1926 [290].

2.12 Mass spectrometry
Following the work of Wien, Thomson suggested in 1907 that channel rays are beams of
charged particles, where the lighter ones would be more deflected by the application of a
magnetic field than the heavier ones [291]. In 1913, using fluorescent Zn2SO4, Thomson
could visualize the separation of several elemental cations, including the two isotopes of
neon, according to this principle, by applying electric and magnetic fields [292]. Two years
earlier, in 1911, Louis Dunoyer de Segonzac (1880–1963) created a sodium particle ray by
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heating up sodium and passing the evaporated atoms through a hole into vacuum [73],
thus marking the discovery of the molecular and atomic beam.
The earliest instruments capable of separating ions based on their mass-to-charge ratio,
recorded a mass spectrum through their impact on a photographic plate and were called
mass spectrographs; the first one was designed and built by Aston in 1919 [5, 293]. By
reducing the ion’s velocity distribution, Aston’s mass spectrograph had provided spectra
with an improved resolution.
Arthur Jeffrey Dempster (1886–1950) improved the resolution even further by suggesting
ion energy- and directional focusing, or double focusing in 1929 [294] and by constructing
this device in 1935 [295].
William Ralph Smythe (1893–1988) and Josef Heinrich Elisabeth Mattauch (1895–1976)
were the first to use the name mass spectrometer in 1926 for their sector mass
spectrometer [5]. Mattauch contributed greatly to the discovery of many elemental
isotopes and stated in 1934 his isobar rule: if two adjacent elements on the periodic table
have isotopes of the same mass number, one of the isotopes must be radioactive [296].
Together with Richard F. K. Herzog (1911–1999) Mattauch developed the theory for a
double-focusing mass spectrometer over a wide mass-to-charge ratio range in 1934 [297].
This Mattauch-Herzog mass spectrometer was constructed by 1946 by Heinz Ewald (1914–
1992) [298].
Ernest Orlando Lawrence (1901–1958) invented the cyclotron in 1932 [299] and
subsequently the calutron, a sector mass spectrometer, in the 1940s, which enabled
isotope separation on an industrial scale [300].
Following the discovery of the neutron in 1932, Kenneth Tompkins Bainbridge (1904–
1996), using as cyclotron-based mass spectrometer of sufficient resolution, provided
evidence for Einstein’s mass−energy equivalence formula [301]:
𝐸𝐸 = 𝑚𝑚𝑐𝑐 2

(2.61)

in 1932, by establishing that there was a mass defect, corresponding to the nuclear binding
energy, EB, for the following reaction:
7
3𝐿𝐿𝐿𝐿

+ 11𝐻𝐻 ⇀ 2𝛼𝛼,

(2.62)

when comparing the measured with the calculated mass [302]. The total number of
nucleons, A, is the sum of the number of protons, Z, and the number of neutrons, N:

The mass of an atom is then given by:

𝐴𝐴 = 𝑍𝑍 + 𝑁𝑁.

(2.63)
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𝑚𝑚 = 𝑍𝑍𝑚𝑚𝑝𝑝 + 𝑁𝑁𝑚𝑚𝑛𝑛 −

𝐸𝐸𝐵𝐵
𝑐𝑐 2

.
(2.64)

This led to the formulation of the semi-empirical mass formula by Carl Friedrich von
Weizsäcker (1912–2007) in 1935, used to approximate the mass and various other
properties of an atomic nucleus from its number of protons and neutrons [303].
Besides sector mass spectrometers, other mass spectrometers have been developed
based on time and frequency measurements, which in the last three decades have largely
replaced the sector mass spectrometer. In 1911, the first time-of-flight instrument was
developed by W. Hammer to determine the velocity of hydrogen canal rays [304] and this
was subsequently applied to mass spectrometers in 1946 by William E. Stephens (1912–
1980) [305, 306]. Radio frequency quadrupole (RFQ) mass spectrometers were introduced
in 1953 by Wolfgang Paul (1913–1993) and Helmut Steinwedel (1921–2004) [307]. And the
first ion cyclotron measurement with a Penning trap was performed in 1978 by Georg
Gärtner and Eberhardt Klempt (1939–) to determine the proton-electron mass ratio
directly [308].
In 1991, it was suggested to denote 1 u e−1 as 1 Th, after Thomson, but this did not catch
on [309].

2.13 Thermal and electron ionization
To ionize a neutral molecule, the previously described incandescence and thermionic
emission can be employed. There are two ways to go about this: electron ionization (EI)
and thermal ionization (TI), the latter being also known as surface ionization (SI) [310]. Both
require a metal filament (e.g. rhenium, osmium or tungsten) that can be heated in vacuum
to 400−2300 °C. For TI the sample is deposited on top of the filament and becomes ionized
whilst being thermally desorbed, whereas for EI the emitted electrons are accelerated to a
kinetic energy of several tens of eV and pass through a chamber containing the gaseous
sample [310].
In EI, upon collision with these energetic electrons, some energy of the electron is
transferred to the neutral molecule, which in turn can lead to electron ejection, when the
imparted energy exceeds the ionization energy (IE), also referred to as ionization potential
(IP), ψ: the minimum amount of energy that needs to be absorbed by an atom or a
molecule, M, in its electronic and vibrational ground states in order to form an ion, 𝑀𝑀 +∙ ,
that is also in its ground states by ejection of an electron [310].
𝜓𝜓

𝑀𝑀 + 𝑒𝑒 − → 𝑀𝑀+∙ + 2𝑒𝑒 − .

(2.65)

Depending on the energy of the primary electrons and the characteristics of the neutral
molecule, doubly and triply charged ions may be observed (see Appendix I, Table I.7.5 for
the IE values of some elements relevant to this thesis) [310]:
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and

𝑀𝑀 + 𝑒𝑒 − → 𝑀𝑀2+ + 3𝑒𝑒 −

(2.66)

𝑀𝑀 + 𝑒𝑒 − → 𝑀𝑀3+∙ + 4𝑒𝑒 − ,

(2.67)

respectively.
If the electron energy is insufficient to ionize the molecule, it may still lead to electron
excitation from the ground state to an excited state (𝑆𝑆0 → 𝑆𝑆1 ). This becomes relevant to
understand Penning ionization, [311], where a metastable (electronically excited) gasphase atom interacts with a molecule, causing this molecule to form a cation, release an
electron and return the neutral gas-phase molecule to its ground state:
𝐺𝐺 ∗ + 𝑀𝑀 → 𝐺𝐺 + 𝑀𝑀+∙ + 𝑒𝑒 − .

(2.68)

It is also important to understand associative ionization, also known as Hornbeck-Molnar
process [311, 312]:
𝐺𝐺 ∗ + 𝑀𝑀 → 𝐺𝐺𝐺𝐺+∙ + 𝑒𝑒 − .

(2.69)

In the case of neutral molecule ionization by a single electron loss, this results in a
molecular radical ion [310]. If the electron energy is sufficiently low, a resonance process
can occur, carrying away the excess kinetic energy, upon electron attachment:
𝑀𝑀 + 𝑒𝑒 − → 𝑀𝑀−∙ .

(2.70)

For EI, the kinetic energy of the primary electrons is generally too high for electron
attachment, but this is possible for thermal ionization. The disadvantage of TI, however is,
that the temperature to which the filament can be heated, its melting point, determines
which molecules can become ionized: only when the electron’s kinetic energy upon
emission exceeds the ionization energy (the minimum energy required to eject an electron
out of a neutral atom or molecule in its ground state), will ionization occur. The cation yield,
𝜂𝜂 + , for thermal ionization can be described by the Saha-Langmuir equation, developed by
Langmuir, Kenneth Hay Kingdon (1894–1982) and Megh Nad Saha (1893–1956) [313-317]:
𝜂𝜂 + =

𝑁𝑁+
𝑁𝑁0

=

𝑔𝑔+
𝑔𝑔0

𝑒𝑒

𝑒𝑒0 (𝜑𝜑−𝜓𝜓)
𝑘𝑘𝐵𝐵 𝑇𝑇

,
(2.71)
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where
and

𝑔𝑔+
𝑔𝑔0

𝑁𝑁+
𝑁𝑁0

is the ratio between the number of cations and the number of ablated molecules

is the ratio of the electronic states of the ion and the neutral molecule.

2.14 Chemical ionization
If the energy involved in the ionization process is high, as for EI and TI, the chance of the
charge transfer resulting in fragmentation of the ionized molecule is high, too. Chemical
ionization (CI) was introduced as a soft ionization alternative for EI in 1966 [318]. By ionizing
a reagent gas (e.g. CH4) with EI, the resulting gas ions can subsequently react with gaseous
analyte molecules. If these reactions involve proton transfer (PT), they rely on the gasphase basicity (GB) and proton affinity (PA) of the species present. This will be discussed in
more detail in Paragraph 5.4.

2.15 Secondary-ion mass spectrometry
Secondary-ion mass spectrometry (SIMS), used to study the composition of solid
surfaces, was developed in the 1940s and 1950s [319, 320]. An ion beam, generated by an
ion gun, is aimed at the surface of the object of interest, leading to the formation of
secondary ions through charge-transfer processes. These secondary ions are subsequently
extracted by applying an extraction field and analyzed in a mass spectrometer.

2.16 Fast atom bombardment
Fast atom bombardment (FAB) was developed in 1980 and employs a beam of highenergy atoms aimed at a surface of interest covered by a liquid, non-volatile matrix (e.g.
glycerol), located in a vacuum chamber [321, 322]. The atoms (e.g. noble gases) have
energies of several kV and upon impact, they ionize the sample. The secondary ions are
subsequently extracted and analyzed.

2.17 Light amplification by stimulated emission of
radiation
Instead of employing atom or ion beams, the introduction of the laser enabled light
beams to be used for ionization. The laser (light amplification by stimulated emission of
radiation) is a device that emits coherent light through a process of optical amplification
based on the stimulated emission of electromagnetic radiation. Einstein provided the
theoretical framework for the maser (microwave amplification by stimulated emission of
radiation) and the laser in 1917 [323] and in 1928 Rudolf Walter Ladenburg (1882–1952)
provided the first experimental proof for the stimulated emission Einstein had predicted
[324]. Charles Hard Townes (1915–2015) and his coworkers built the first maser in 1953
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[325]. Arthur Leonard Schawlow (1921–1999) and Townes took the next step to what they
called the infrared and optical masers by showing the importance of the Fabry-Pérot cavity
[326]. The acronym laser is attributed to Gordon Gould (1920–2005), who introduced it at
a conference [327]. Both Gould and Theodore Harold Maiman (1927–2007) have put
forward claims to have invented the laser [328], but it was Maiman who built the first
working laser, based on a ruby as gain medium, in 1960 [329]. From this solid-state gain
medium laser many different laser types were developed based on several different gain
media, including gases: in 1960, Ali Javan (1926–2016) and William Ralph Bennet Jr. (1930–
2008) built the first gas laser, based on a He-Ne mixture gain medium [330] and in 1970,
Jacques Beaulieu (1932–2014) published on the first transversely excited atmospheric CO2
laser [331].
Lasers can be operated as a continuous wave, or in a pulsed fashion. For the latter the
repetition rate is the frequency at which the pulsed laser fires and the pulse energy is the
average power divided by the repetition rate. (MA)LDI usually employs pulsed lasers,
because the pulsed peak power is high enough to cause ablation, whereas the power of a
continuous wave laser beam is often not sufficiently high. Additionally, the pulsed
character of the laser pulse allows for more reproducible and site-specific ablation
patterns.

2.18 Laser desorption/ionization
Pulsed lasers can be used for material cutting and ablation and are therefore used in
many industrial processes, for example material machining, and can even be applied for
biological materials, as is done in surgery. The amount of material that can be ablated by a
laser depends on the operating wavelength of the laser, the peak power, the pulse duration
(which can vary between milli- and femtoseconds; some lasers are employed as continuous
wave lasing systems) and optical properties of the material that is being subjected to the
laser pulses at the operating wavelength. The material vaporization rate will depend on the
absorption efficiency of the laser photons and the heat dissipation by the subjected
material [332].
Due to the laser desorption or ablation, it becomes possible to ionize molecules that
would normally be required to be soluble to ionize them. Already in the 1960s lasers were
employed in combination with mass spectrometry for the analysis of the desorbed or
ablated and subsequently ionized species [333].
The ablation of organic materials, deposited as a thin film on a metal substrate, was
shown to depend on the primary absorption of the laser photons by the substrate, rather
than on the deposited organic layer [332]. All non-reflected photons will be absorbed by
the metal substrate in a layer of 0.1−1.0 µm and within about 1 ps, the equilibration of
electron and lattice energy is achieved [332]. Therefore, to enable vaporization of the metal
substrate, a minimum power density of 107 W cm−2 is required [332]. At lower power
densities the organic layer will vaporize and get partially ionized, but the degree at which
this occurs will depend on its structure: amorphous versus a crystalline layer [332].
The vaporized material consists of many different species: electrons, molecular and
cluster cations and anions, as well as many neutral species. The charge density allows for
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describing this material plume as plasma [332]. The primary ions formed can engage in
several secondary ionization reactions, such as those known from EI and CI, as well as alkali
cation capture by polar organic molecules [332].
It suffices to say that the formed charged species in the plasma plume can be
subsequently extracted from it and analyzed by the various mass spectrometric techniques.

2.19 Matrix-assisted laser desorption/ionization
The name matrix-assisted laser desorption/ionization was coined by Franz Hillenkamp
(1936–2014) and Michael Karas (1952–) in 1985, when they noticed that the amino acid
alanine ionized better in the presence of another UV-absorbing amino acid tryptophan,
when ablated with a UV laser [334]. Koichi Tanaka (1959–) showed that protein molecular
ions with a mass up to 34 kDa could be successfully desorbed and ionized by UV laser
irradiation when mixed with a matrix of cobalt powder dispersed in glycerol [335]. A few
months later in 1988, Karas and Hillenkamp showed that small organic matrix molecules,
which strongly absorb UV-radiation, enable the successful desorption and ionization of
intact proteins with masses exceeding 10 kDa [336]. This soft ionization technique has since
become widely used in the field of mass spectrometry alongside electrospray ionization.
The most commonly used UV lasers in MALDI are the N2 laser, operating at 337.1 nm,
and the solid-state frequency-tripled lasers: Nd:YAG [337], at 354.6 nm, and Nd:YLF [338],
at 349.0 nm. Alternatively, IR lasers (low µm-range) have also been used with glycerol as
liquid and succinic, caffeic and nicotinic acid as solid matrices, probing the vibrational states
of the molecules under investigation [339, 340].
The chosen MALDI matrix has to absorb well at the wavelength of irradiation in order to
cause sufficient ionization and yield good-quality spectra [341]. Besides the laser fluence,
other parameters, such as the pulse duration and repetition rate, as well as the focal beam
size and intensity profile, have been intensively studied and vary widely among different
(MA)LDI instruments, which makes it difficult to make good comparisons between the
results obtained on them.
Other important parameters for MALDI mass spectrometry will be discussed extensively
in Chapter 3.

2.20 Laser ablation inductively coupled plasma mass
spectrometry
To provide a more complete picture of the possibilities of laser ablation techniques and
mass spectrometry, I would also briefly like to mention the application of laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS). This technique inductively
heats a gas with an electromagnetic coil making it electrically conductive. This fourth state
of matter, where enough atoms have become ionized to affect the electrical characteristics
of the gas is called plasma; a term coined by Langmuir [342]. By introducing laser-ablated
material into the plasma, this becomes ionized and by coupling this ion source to a mass
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spectrometer (with a quadrupole for example), trace amounts of metals and some nonmetals can be identified in parts-per-quadrillion (10−15; ppq) levels. LA-ICP-MS [343], like
the related ICP-atomic emission spectrometry (LA-ICP-AES) [344], has found application in
geology and many other fields.
In contrast to MALDI-MS, the information one can derive from LA-ICP-MS data only
provides a general picture of the elemental composition of the sample due to its
destructive nature, but it does have a much lower limit of detection.

2.21 Electrospray ionization and laser-induced liquid
bead ion desorption
EI and thermal ionization are rather crude and readily lead to fragmentation of the
molecular ion. This can be especially troublesome when studying large molecular
structures, such as polymers and proteins, most notably proteins with complicated tertiary
structures which are held together by weak interactions. Therefore, a variety of ‘soft’
ionization techniques have been developed of which MALDI is just one example.
The most frequently employed soft ionization technique is electrospray ionization (ESI).
In 1882, John William Strutt, Baron Rayleigh (1842–1919), defined the Rayleigh limit: the
amount of charge a droplet can carry without succumbing to electrostatic repulsions,
causing it to disperse. John Zeleny (1872–1951) studied the effect of an electric field on the
meniscus of liquids in 1914 [345]. This effect was studied in subsequent years by John
James Nolan (1888–1952) [346], Charles Thomson Rees Wilson (1869–1959) and Sir
Geoffrey Ingram Taylor (1886–1975) [347], and led to the discovery of the characteristic
electrospray cone at the terminus of the spray capillary. In 1964, Taylor published his work
describing this cone, which now bears his name [348].
Malcolm Dole (1903–1990) was the first to combine electrospray with mass spectrometry
in 1968 [349]. John Bennett Fenn (1917–2010) helped to develop and characterize the
electrospray technique for mass spectrometry in subsequent decades, enabling the
analysis of intact protein structures [350-356].
Finally, I would like to mention a method that can be viewed as a hybrid between MALDI
and ESI: laser-induced liquid bead ion desorption (LILBID), where microdroplets are
introduced in vacuo and pass through an IR laser desorption zone giving rise to a sudden
temperature increase and an explosive expansion, whereupon ionization, ion
neutralization and desolvation occur [357]. Only few ions escape into the vacuum without
being neutralized and these can be subsequently analyzed [357].

2.22 Ambient ionization
Techniques employing ion formation in an ion source outside the mass spectrometer
without prior sample treatment, are known as ambient ionization techniques. Ionization
must occur at atmospheric pressure, instead of in a vacuum chamber. Many ambient
ionization techniques have been developed and they carry a wide spectrum of acronyms
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to distinguish them, which are mostly based on the chosen ionization technique: thermal
ionization, photoionization (e.g. atmospheric-pressure photoionization (APPI), inducing
single-photon ionization processes in the generated aerosols by applying a UV light source),
plasma-based ionization, laser-assisted ionization, or electrospray ionization (e.g.
desorption electrospray ionization (DESI) [358]), or a corona discharge needle (e.g.
atmospheric discharge chemical ionization (APCI), developed in 1974 [359-361]), or glow
discharge in a gas (direct analysis in real time (DART) [362]).
Separation techniques, such as (ultra or high-performance) liquid chromatography (UPLC
or HPLC) can be easily hyphenated with mass spectrometry through the aforementioned
electrospray, plasma-based and discharge-based ionization techniques, enabling real-time
analysis of the sample separation [310, 363].
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3

MALDI fundamentals

"Parts of this chapter are reprinted from the Journal of The American Society of Mass
Spectrometry, Vol. 27, Issue 4, G. P. Zeegers, B. F. Günthardt, R. Zenobi, ‘Target Plate
Material Influence on Fullerene-C60 Laser Desorption/Ionization Efficiency’, Pages 699708, Copyright (April 2016), with permission from Springer."
Now that origins of MALDI-MS and the related physics have been established it is time to
address the different steps of the MALDI-MS experiment required to generate a mass
spectrum:
•
•
•
•
•
•
•

Sample preparation
Sample introduction
Desorption/ablation
Ionization
Ion transport and separation
Ion detection
Calibration

These steps will be addressed in the following paragraphs.

3.1

Sample preparation

As briefly addressed in Paragraph 2.15, MALDI requires the addition of small UV or IR
light-absorbing molecules to enable the desorption/ablation of the embedded analyte
molecules. Matrix compounds are small, solid, (UV/IR) light absorbing, organic molecules.
How a sample is treated and how the matrix is applied before measurement can make all
the difference for successful detection of analyte and matrix species and therefore, much
literature and research has been devoted to sample work-up and deposition techniques for
MALDI-MS. Of course, the chosen method will also depend on whether the analyte can be
applied simultaneously with the matrix, or whether the analyte needs to be covered with
matrix, as is the case with tissue sections for example. The presence of detergents and salts
can be detrimental for the ion yield [364-366], but in some cases salts are added on purpose
to ionize apolar analytes [367-369].
One critical factor is the chosen analyte-to-matrix ratio. The critical ratio increases with
molecular weight and is thought that, as long as the matrix crystal structure is not affected
by the analyte concentration, signal intensities remain adequate [341]. This relationship
with the analyte’s molecular weight [370], together with the charge competition processed
described in Section 3.4.2.4, complicates quantitative research [341]. For low-kDa
peptides, analyte-to-matrix ratios varying from 1:20−100 were found to be optimal [370,
371].
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The choice of solvent, the evaporation rate, the chosen solution concentrations, the
target plate surface structure, the matrix and analyte properties, as well as their
proportions, will all affect the sample morphology [341]. However, despite extensive
research with various techniques, including optical microscopy [372-376], using
polarization and phase contrast [377], as well as fluorescence measurements [378],
confocal laser scanning microscopy [379] and scanning electron microscopy [380-383], no
direct correlation between surface morphology and ion yield has been established [341].
Whether the analyte needs to be incorporated in the matrix crystals for a successful MALDI
experiments, also remains an unsolved question [341].
The sample deposition method chosen for this research, as well as the matrices studied,
will be dealt with in more detail in Chapter 4. Here the most commonly used strategies for
sample application are listed and discussed in more detail.

3.1.1 Dried-droplet
The ‘dried-droplet’ technique is the easiest way to deposit a sample on a MALDI target
plate [334]. The matrix solution is prepared by dissolving the matrix molecule in a suitable
solvent, yielding a concentrated solution which can evaporate in a reasonable amount of
time (i.e. before the analyte has degraded). Depending on the physical state of the analyte
(soluble, or not; pure substance, or dissolved in a biological matrix; cells, or tissue sections),
the analyte must either be applied directly on the target plate and subsequently covered
with the matrix, or it can be, after having been dissolved, mixed with the matrix solution (if
these solvents are miscible) and co-crystallized on the target plate.
The ‘dried-droplet’ method is, however, rather inaccurate. The main problematic factors
are the surface tension and the contact angle with the substrate, which are solventdependent. They will influence the wetting of the substrate and therefore, the
crystallization process.
The surface tension is the elastic tendency of a fluid surface resulting in its smallest
attainable surface area. Following experiments of Hauksbee in 1709, [26, 384, 385], Young
developed the principle of surface tension in 1804 [386]. Pierre-Simon Laplace found that
the meniscus radii play an essential role in capillary action in 1805 [387]. Finally, in 1830,
Gauss unified their work and derived the Young-Laplace equation [388]:
1

1

Δ𝑝𝑝 = −𝛾𝛾 � + �,
𝑟𝑟1

𝑟𝑟2

(3.1)

where Δ𝑝𝑝 is the pressure difference across the fluid interface, γ is the surface tension and
r1 and r2 are the principle radii of curvature.
The surface tension is given by:
𝛾𝛾 =
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∆𝑊𝑊
∆𝐴𝐴

=

𝐹𝐹

2𝑑𝑑

,
(3.2)

where ΔW is the fluid’s energy change, ΔA is the fluid’s surface increase, F is the force
required to pull up a wire hanger of length d, dipped in the fluid under investigation [3].
Wetting is the ability of a fluid to maintain contact with a solid surface. It is a balance
between the adhesive forces, between the fluid and the solid leading to spreading out
across the surface, and the cohesive (van der Waals) forces within the fluid to avoid contact
with the surface and remain a droplet. The contact angle is a measure for the degree of
wetting [3]:
Wetting solvents:
0 ≤ ϕ ≤ π/2
Non-wetting solvents: π/2 ≤ ϕ ≤ π.

Upon deposition of the droplet, depending on the solvent used, the droplet will either
start to spread and cover a large area, or start to ball up. Depending on the rate of
evaporation the droplet will also start to shrink.
If the droplet’s surface area is large and the vapor pressure is low, the solvent will rapidly
evaporate and the matrix and analyte concentration will increase. If this happens on a large
area, crystals will start forming over a larger surface, but most notably at the edges of the
evaporating droplet, leading to the so-called coffee ring effect [389]. Increasing the
Marangoni convection, the mass transfer along an interface between two fluids due to a
surface tension gradient, named after Carlo Giuseppe Matteo Marangoni (1840–1925) and
discovered by James Thomson (1822–1892) [390], can counteract the coffee ring effect
[391].
If the droplet’s surface area is small, however, the crystals will form on a smaller area. If
the vapor pressure is high, the evaporation is slow and the sample concentration will
increase slowly, leaving more time for controlled crystal growth, which generally results in
larger crystals.

3.1.2 Spray deposition
To ensure a more homogeneous surface coverage and therewith enhancing
reproducibility, other spray deposition-based techniques have been developed. The
reproducibility of these techniques is much higher than the ‘dried-droplet’ technique due
to the smaller crystallite sizes, but the solubility of the matrix, analytes and additives, such
as cationizing agents, becomes a limiting factor for its successful application.

3.1.2.1 Pneumatic spray deposition
For pneumatic spray deposition an electrospray source can be used, where the high
voltage supply can be left switched off. By varying the sheath gas pressure (<5 bar), the
distance between the source tip and the target plate (a few cm) and the solution flow rate
(e.g. 1−50 µL min−1), the thickness and morphology of the applied layer can be modified.
In case the solubility of the matrix or analyte is limited, several coatings can be applied
when increasing the solution flow rate is no longer possible without seriously affecting the
layer quality. Care should be taken though not to disrupt previously deposited (brittle)
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layers during the application of subsequent layers due to force of the sheath gas pressure.
Since the aim of most studies described in this thesis was to evaluate the influence of the
target plate material on the ion yields, the layers were made sufficiently thin to still be able
to identify the target plate material underneath the crystalline layer. In case of fullereneC60 for example, this translated into discreet crystallites of several 100 nm in height and
width (see Chapter 6). The spray deposition setup built for sample preparation for the
experiments in this thesis and the quality of several matrix layers deposited on a glass
microscope slides are discussed in more detail in Chapters 4, 6 and 9.

3.1.2.2 Layer stacking
In case matrix and analyte solutions prove to be immiscible, or to be certain the analyte
(when it can be dissolved) will be ablated first, one can resort to stacking different layers
on top of each other [392]. In case the second and following layers are not added in a drieddroplet fashion, but with spray deposition, care should be taken not to use sheath gas
pressures which are too high, to prevent the next spraying round from detaching the
previous layer. In general, a single-solution application is much preferred. This is because
the order of the layers will affect the degree of ionization of each species present, and the
laser pulse can only penetrate to a certain depth with each shot.

3.1.3 Matrix sublimation
By heating up the matrix in a closed container at a reduced pressure, it will start to
sublimate. If the matrix is chemically stable at the operating temperature, this can be used
to coat an analyte, deposited on a suspended and cooled target plate, with a matrix layer.
The matrix will settle on top of the analyte layer, cool down and form a layer on top of it
[393]. Matrix diffusion and condensation, which in turn depend on the local analyte
thickness, will determine the homogeneity of the matrix deposition, which might be
difficult to control (e.g. dehydrated tissue sections).

3.1.4 Acoustic deposition
The matrix solutions can also be applied acoustically: special acoustic droplet ejectors,
which use piezoelectric transducers, driven by short bursts of radiofrequency (RF) energy
from a waveform generator and amplified by a broadband RF amplifier, have been
developed. They do not pose the problem of capillary or nozzle clogging observed for the
aforementioned spray techniques, nor do they pose the risk of cross contamination due to
(sometimes) required direct sample contact [394]. Acoustic deposition of MALDI samples
allows working with smaller quantities and enables high-throughput screening [395].

3.2

Sample introduction

To enable ion transport over a long range, without neutralization or additional
fragmentation, the sample needs to be ablated and ionized under ultra-high vacuum
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conditions. Additionally, the increased ion mean free path at lower pressures will improve
resolving power [310].
Therefore, the target plate, onto which the sample is deposited, needs to be introduced
in a vacuum chamber. This is most conveniently done through an interlock system. The
measurement chamber generally has a vacuum of <10−6 mbar. Due to the high potentials
required in some mass spectrometers to accelerate ions towards the field-free region and
the detector, higher pressures will lead to arcing.
Some mass spectrometers require the ions to be stable for longer time periods (seconds
to minutes and even hours have been realized) and therefore, pressures <10−10 mbar are
required. An interlock system will allow for target plate introduction in a small-volume
interlock chamber, which can be pumped down to <10−6 mbar within a few minutes. Once
this pressure is reached, a gate valve will open and the target plate will be translated into
the measurement chamber. Many sophisticated target plate translation systems have been
developed by the various mass spectrometer manufacturers and, depending on the
ultimate pressure that needs to be attained, the system design can be more flexible: for
pressures >10−8 mbar it is possible to introduce stepper motors in the vacuum chamber.
For lower pressures this would lead to unwanted additional sources of component
outgassing.

3.3

Desorption/ablation

Once the target plate carrying the sample is in the proper position, the sample must be
desorbed/ablated and ionized to be able to record a mass spectrum. It is important to note
that ablation and desorption do not necessarily have to result in ionization and hence the
ionization process is treated separately in Paragraph 3.4. Depending on whether a matrix
is present or not, literature refers to laser desorption/ionization (LDI; matrix absent) or
matrix-assisted laser desorption/ionization (MALDI; matrix present).
Desorption (the removal of adsorbed material and its phase transfer from the solid phase
to the gas phase) or ablation (the removal of large amounts of material, which does not
necessarily require phase transfer; sometimes referred to as material ejection) can be
achieved with laser pulses of various wavelengths. Its success will depend on the
absorption and conversion of the wavelength-dependent photon energy by the species
present in the sample. To enable their sublimation, they need to attain their electronically
and vibronically excited states. What makes MALDI superior to LDI regarding the pulse
energy requirements is that the matrix can be chosen such that its absorption fits the laser’s
operating wavelength.
The kinetic energy distribution among the various species created upon
desorption/ablation, remains a topic of much debate. Large-scale molecular dynamics
simulations have led to various ablation mechanism suggestions that depend mostly on the
laser pulse duration [396, 397]. For longer laser pulses, a thermal confinement regime has
been suggested, leading to a phase explosion of the overheated material, followed by the
formation of a transient structure of interconnected liquid clusters and individual
molecules [396, 397]. For shorter laser pulses, a stress confinement regime could be
envisioned, which would lead to a lower threshold fluence for the ablation onset [396].
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It is also worth noting that the same spot on a MALDI target plate is often shot at several
times. The so-called first shot phenomenon refers to the fact that sometimes, especially in
the case of large protein complexes, useful data can only be extracted from the spectrum
drawn up after the first laser pulse [398, 399], though this effect has been disputed. It is
not unreasonable, however, to assume that, after the first shot, the composition of the
remaining sample at the same location has changed: firstly, a part has been ablated, so the
matrix-to-analyte-ratio could have been altered, since the matrix is more likely to absorb
the laser photons; secondly, convection, such as the previously discussed Marangoni
convection, could have resulted in a different degree of sample heterogeneity.
Additionally, the greater number of shots that have been fired on the same location
becomes, the thinner the sample layer gets, and the more the underlying target plate
material could start playing a role in the desorption and ionization processes.
Depending on whether desorption or ablation occurs, different models come into
consideration. For the former, surface models can be applied, where either individual
molecules are desorbed or a layer-by-layer evaporation can be envisioned [400-402],
whereas for ablation, volume models are more applicable [396, 403], since larger chunks
from several layers are ablated simultaneously.
In the case of desorption, a layer-by-layer evaporation of the solid sample ensues; this
will result in the formation of a thin layer of vapor near the surface, called the evaporation
or Knudsen layer, named after Martin Hans Christian Knudsen (1871–1949). The layer
thickness, 𝑙𝑙, depends on the molecular diameter of the species, d, and is several mean free
paths thick. The thickness is given by:
𝑙𝑙 =

𝑘𝑘𝐵𝐵 𝑇𝑇
.
𝜋𝜋𝑑𝑑2 𝑝𝑝

(3.3)

It remains unclear whether the matrices melt and then evaporate, or whether direct
sublimation occurs [341]. To allow for matrix and/or analyte sublimation, or melting
followed by evaporation, the temperature of the irradiated area needs to exceed the
sublimation temperature. One would expect this to result in material desorption/ablation
and ionization, if the melting temperature of the substrate lies below the sublimation
temperature of the matrix/analyte mixture. For phase changes at equal pressure and
temperature, the sublimation enthalpy is the sum of the melting enthalpy and evaporation
enthalpy and this is equal to the heat taken up by the system [210]:
𝑄𝑄𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎 = ∆𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠 = ∆𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + ∆𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒.

(3.4)

Whether a reaction, when it occurs at a constant pressure, will occur spontaneously or
not depends on the reaction enthalpy, [210]:
𝑄𝑄𝑟𝑟𝑟𝑟𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 .
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(3.5)

If ΔHreaction ≤0, the reaction will occur spontaneously and will be exothermic. According
to Hess’s law the enthalpy difference between the products and the reactants is
independent of the reaction mechanism [263]. The reactions occurring in the mass
spectrometer during the MALDI experiment are, by definition, endothermic, since the laser
photons are providing the energy for the reaction to occur.
The generated heat by the laser pulse will be divided over several processes that might
occur, for example, phase changes, ionization through electron gain or loss and other
reactions, which might include cation adduct formation or proton transfer:
𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = ∆𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠 + ∆𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + ∆𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + �∆𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 � + ⋯.

(3.6)

Of course, not all the heat will be used for these processes, and losses will occur.
Therefore, it is important to understand the desorption/ablation mechanisms, while this
enables fine-tuning the procedure, which will allow for applying the laser energy with the
highest efficiency.
Part of the absorbed energy will be transformed into kinetic energy of the species in the
plume. This kinetic energy distribution has been the focus of much research [404-420],
because the developing plume will expand and hence, its density will decrease, as well as
its temperature, thus causing in-plume reaction rates to drop. The velocity distribution
among the ionic and neutral species, the rate of cluster decay, the rate of charge
neutralization and the rate of the possible charge transfer reactions add to the complexity
of the MALDI plume dynamics. The particles are rapidly changing from the solid phase to
the gas phase and will expand into a vacuum, where the operating pressure varies between
10−10−10−6 mbar.
It has been proposed to describe the MALDI plume in terms of hydrodynamics [421, 422].
A hydrodynamic force will drive the plume expansion. Upon desorption/ablation, the
material will be propelled axially, but will also become radially distributed. The axial
velocities that have been reported vary considerably, namely over 200−1000 m s−1 [412,
423]. These values were found to vary based on the employed ion transport method: fieldfree drifting versus delayed extraction of the ions, with the mean ion velocities being lower
for the latter method [341]. The mean velocity of matrix and analyte ions was found not to
be significantly different [412, 413] and the latter did not seem to depend on the analyte
mass [404, 412, 420]. This supports the view of a high degree of entrainment of analyte
ions in the matrix plume [341].
The MALDI plume development can be viewed as free adiabatic expansion [404]. As
previously mentioned in Paragraph 2.10, no transfer of heat or matter between a
thermodynamic system and its surroundings occurs during an adiabatic process: energy is
only transferred to its surroundings as work and hence the ejected material is propelled
into vacuum. The dynamics of the plasma plume and its parameters have been intensively
studied [404-420] and much theoretical work [422, 424, 425], as well as molecular
dynamics studies [396, 397, 400, 426-431] have been devoted to it [341]. With the
hydrodynamical approach the elliptical velocity distributions of the developing plume,
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which include the radial component, can be described by the following function [341, 432435]:
𝑓𝑓�𝜐𝜐𝑥𝑥 , 𝜐𝜐𝑦𝑦 , 𝜐𝜐𝑧𝑧 �~𝑒𝑒

�−

2
2
𝑚𝑚(𝜐𝜐𝑧𝑧 −𝜐𝜐𝑎𝑎 )2 𝑚𝑚(𝜐𝜐𝑥𝑥 +𝜐𝜐𝑦𝑦 )
−
�
2𝑘𝑘𝐵𝐵 𝑇𝑇𝑧𝑧
2𝑘𝑘𝐵𝐵 𝑇𝑇𝑥𝑥𝑥𝑥

,

(3.7)

where 𝜐𝜐𝑎𝑎 is the axial flow velocity of the material flux, 𝜐𝜐𝑥𝑥 and 𝜐𝜐𝑦𝑦 are the transverse
velocities of the material flux, Tz is the temperature in the direction of the surface normal;
Txy is the temperature in the transverse direction.
The Coulomb force will add to the movement of the ions compared to the neutral species.
In most mass spectrometers, the target plate is biased and a potential is applied that equals
the charge of the ions of interest: a negative potential for anion detection and a positive
potential for cation detection. Upon ion formation, this will inevitably result in an attraction
of the oppositely charged ions towards the target plate and a repulsion of the ions that
should be detected.

3.4

Ionization

Ionization is the generation of ions from neutral species, such as atoms or molecules. The
species need to acquire a charge: either a proton or an electron needs to be lost or gained.
In the case of molecules this can be accompanied by loss of bigger fragments, depending
on the stability of the charged species and the energy transfer involved in the ionization
process. As mentioned in Paragraph 2.13, a distinction is made between hard and soft
ionization techniques depending on the amount of fragmentation resulting from the
ionization and the ability to isolate the molecular ion. This paragraph will solely focus on
the soft (matrix-assisted) laser desorption/ionization and the most fundamental part of the
mechanistic research, namely: how is charge separation achieved and maintained? It is a
question that has puzzled many scientists and has led to several different models, which,
based on their timescales, can be divided into two different sets [436, 437]. In laser
ablation/ionization the ion yield, 𝜂𝜂, is defined as the ratio of the number of ions generated,
𝑁𝑁 ± , to the total number of ablated molecules, 𝑁𝑁 0 :
𝜂𝜂 =

𝑁𝑁 ±
.
𝑁𝑁 0

(3.8)

The degree of neutralization of the initially formed ions will determine whether the ion
yield is comparable to the detected number of ions. This is difficult to establish because
one would need to know the number of ablated molecules; thus, often the ion signal
strength is referred to instead of the ion yield. Ion yield estimations have been made,
however, and they vary between 10−5−10−3 [341, 409, 438].
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3.4.1 Two-step model
About two decades ago, a two-step model was proposed to separate some of the
proposed ionization mechanisms (see Figure 3.1) [436, 437].

Figure 3.1: Schematic representation of the material density of the adiabatically expanding
MALDI plume versus time, adapted from [439]. The laser pulse is shown in red. The primary
ionization reactions (1) occur in a nanosecond time-interval during which the molecules
become electronically excited (orange). Secondary reactions (2) will occur during the plume
expansion on a microsecond time-scale. Depending on the laser fluence, the sample will
either desorb (green) or ablate (blue), resulting in a density decrease. The relative rate of
the reactions depends on the material density and is represented by the triangular shapes.

3.4.1.1 Primary ionization
Primary ionization considers the initial charge separation and the generation of the
primary ionic species and is thought to occur on a short (nanosecond) timescale. For this
step several models have been presented throughout the last three decades. They are
listed in the next paragraph in more detail.
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3.4.1.2 Secondary ionization
Following initial charge separation, the secondary ionization step explains the
subsequent charge transfer between the species present in the developing MALDI plume:
the ablated material cloud expanding into vacuum. These reactions can continue, provided
that the MALDI plume has not diluted into vacuum and particles are still sufficiently close
and possess sufficient energy to react.

3.4.2 Electron and/or proton transfer
The ionization mechanisms that have been proposed during the past three decades are
highly dependent on the species under investigation and the charge transfer that may be
expected. More specifically, they depend on whether protons are present and (if one
considers a role for the target plate material) whether the target plate materials used might
liberate electrons, or transiently bind protons. A few considerations are outlined in the
following sections.

3.4.2.1 Electron transfer
If no protons are present in the MALDI sample, the only remaining transfer of charge is
electron transfer (ET). Of course, one might wonder where the electrons are transferred
from and to, and whether their origin lies in the deposited molecules, or whether they are
liberated from the target plate material. This topic will be dealt with in more detail in
Section 3.4.3 and Chapter 5.
The secondary reactions, where the electron is passed between matrix and analyte, can
be summarized for cation and anion formation, respectively, as follows:
∆𝐺𝐺

𝑀𝑀+⋅ + 𝐴𝐴 �� 𝑀𝑀 + 𝐴𝐴+⋅ ,
∆𝐺𝐺

𝑀𝑀−⋅ + 𝐴𝐴 �� 𝑀𝑀 + 𝐴𝐴−⋅ .

(3.9)

(3.10)

3.4.2.2 Proton transfer
As soon as protons are present in the sample, their transfer, from one molecule to
another, should be considered. The transfer is more likely to occur if both acids and bases
are present in the sample, resulting in hydrogen bonding (the partial electrostatic
attraction between a hydrogen bound to a more electronegative atom and another
adjacent atom that possesses a lone pair of electrons; see Figure 3.2) between matrix and
analyte prior to ablation, priming the proton transfer (PT) reaction. However, it might be
that the target plate material is capable of transiently binding a proton, as is seen for
catalysts. PT will be discussed more thoroughly in Paragraph 5.4.
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The secondary reactions for cation formation that include PT from a protonated matrix
cation to the neutral analyte, can be described by the following equation:
∆𝐺𝐺

𝑀𝑀𝑀𝑀 + + 𝐴𝐴 �� 𝑀𝑀 + 𝐴𝐴𝐴𝐴 + .

(3.11)

On the other hand, a secondary ionization reaction involving a matrix anion, could lead
to proton abstraction from the analyte, yielding an analyte anion:
∆𝐺𝐺

𝑀𝑀−⋅ + 𝐴𝐴𝐴𝐴 �� 𝑀𝑀𝑀𝑀 + 𝐴𝐴−⋅ .

(3.12)

Figure 3.2: Schematic representation of hydrogen-bonded complex that can be
characterized by the distance between the donor (X) and acceptor (Y) fragments, 𝑑𝑑𝑑𝑑𝑑𝑑 +
𝑑𝑑𝑑𝑑𝑑𝑑, as well as the relative position of the hydrogen, 𝑠𝑠 = 𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑑𝑑𝑑𝑑𝑑𝑑. Adapted from
[440]. A hydrogen bond may be viewed as a strong van der Waals interaction, but is weaker
than an ionic or covalent bond.

3.4.2.3 Concerted proton-electron transfer reactions
Another way to view ionization reactions is to consider them as concerted protonelectron transfer (CPET) reactions, known from catalysis [441]. Whether the electron
transfer precedes proton transfer, or the other way around, or whether these reactions
continue simultaneously remains unclear, but two neutral products result from the
reactions. During the MALDI experiment, proton and electron transfer reactions are not
allowed to reach a neutral (set of) product(s), but, depending on the chosen ionization
polarity, will yield anionic or cationic species, which are subsequently detected. The ions of
the polarity that is not investigated will inevitably return to the target plate to be
neutralized, if they have not been neutralized before their arrival, due to electrostatic
recombination of the oppositely charged ions, or due to electron attachment in the
developing plume.
By regarding the target plate material as a catalyst mediating the simultaneous transfer
of protons (or other cationic species) from one location to the next, as well as the transfer
of electrons, the energetic barriers for the ionization reaction could be envisioned to be
reduced compared to the subsequent transfer of both charges and this process would
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therefore be more favorable. This would mean that all the reactions must happen in a short
timescale right after the laser pulse, when the analyte and the matrix are still in contact
with the target plate material.
For anion formation (see Chapter 9 and Figure 3.3) three different mechanisms involving
the target plate could be likely and they need not all involve the matrix:
1.
2.
3.

The target plate mediates the transfer of the analyte’s proton to the matrix.
First a matrix anion is formed (the electron might originate from the target plate,
or from other, possibly fragmented, molecules) and the proton is transferred
from the analyte to this matrix anion, possibly mediated by the target plate
The target plate transiently binds a proton. One needs to consider that in most
mass spectrometers the target plate is charged negatively in negative mode.

Figure 3.3: Overview of the electron and proton transfer reactions, as well as their combined
concerted proton-electron transfer reactions (CPET) and possible target plate materialmediated reactions in MALDI for anion formation.

3.4.2.4 Suppression effects
The charge competition between the species in the MALDI plume will result in a final
charge distribution amongst them, which will be detected. Depending on the analyte
concentration and the competition between the analyte and the matrix, it has been shown
that the matrix signal can be completely suppressed, which leads to cleaner spectra [405,
442-446]. Likewise, one should take into account that analytes are competing for the
charge and therefore, analyte suppression can occur, obscuring some species to be present
[447]. These effects are known as the matrix suppression effect (MSE) and analyte
suppression effect (ASE) and are bound to affect the interpretation of, for example, MALDI
imaging studies.
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3.4.3 Proposed ionization models
Since its conception, MALDI has been interpreted in many ways and many models have
been proposed. Which model, or combination of models holds true, however, remains
unclear and probably also depends on several instrumental factors, such as the system
under investigation (matrix and analyte choice, presence of additives, pH, layer thickness,
etc.) and the equipment used (are ions being propelled by a delayed extraction pulse, or
are they allowed to drift freely?). The following sections will briefly touch upon the most
commonly postulated models for the initial charge separation from the last three decades.

3.4.3.1 Thermal ionization
As previously discussed in Paragraph 2.13, (photo-) thermal ionization [448, 449]
depends on the ionization energy of the atom or molecule. If the charge transfer occurs
directly between two molecules, this can be described by:
∆𝑇𝑇

𝑀𝑀 + 𝑀𝑀 �� 𝑀𝑀+∙ + 𝑀𝑀−∙ .

(3.13)

where, following (multi) photo-excitation, thermionic emission by vibronic coupling is
proposed as the primary ionization route.
For thermal ionization, a temperature increase is essential. The temperature that is
attained during the desorption/ablation event and how this temperature develops during
the MALDI plume development remains unclear and depends on many factors: the laser
fluence, operating wavelength, photon absorption efficiency and the conductive properties
of the target plate material (see Section 3.7.5.3). Reports on this vary widely and together
with the vast number of experimental parameters, which include the effect of complex
formation with the target plate atom on the ionization energy, this variability hinders
validating the proposed thermal ionization models.

3.4.3.2 Photoionization
When a photon encounters an atom or a molecule, this will not always result in
photoionization. The photoionization cross section relates the photoionization probability
of the involved ionizable species, the probability of an electron to be emitted from its
electronic state, to the photon energy. If the ionization energy is not met by the photon
energy, the photoionization cross section is almost zero. In most cases the matrix has an
ionization energy that would require the absorption of two or three photons of the
commonly applied UV lasers, to result in ionization [450]. With pulsed lasers, however,
multiphoton ionization could be envisioned, where the energy of several photons is
combined to overcome the ionization threshold. The energy of each photon is equal to ℎ𝜈𝜈.
(Multi-) photon ionization [451] can be described by:
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(𝑛𝑛)ℎ𝜈𝜈

𝑀𝑀 �⎯⎯� 𝑀𝑀+∙ + 𝑒𝑒 − ,

(3.14)

where the photon absorption depends on the photoionization cross section. If the laser
wavelength happens to be in resonance with an excited state of the molecule, absorption
of a second photon then ionizes the molecule via 1 + 1 resonance-enhanced multiphoton
ionization (REMPI) [452]. Infrared multiphoton dissociation (IRMPD) is used to purposely
fragment otherwise stable ions in the gas phase to aid in elucidating their structure [453].
Whereas pulse duration, following molecular dynamics studies [396, 397], might be
important for desorption and ablation processes, a recent publication has shown that for
three commonly used MALDI matrices no difference in ion yield could be observed for UV
pulses, at 355 nm and of equal pulse energy, but with a pulse duration varying over a 170
ps – 1.5 ns range [454]. This led to the conclusion that thermally induced proton transfer
is more likely than multiphoton ionization [454].

3.4.3.3 Disproportionation ionization
Disproportionation ionization [455] involves charge transfer between two molecules
(e.g., pseudo proton transfer due to energy transfer-induced disproportionation [456], or
excited-state proton transfer [457]), leading to equal amounts of oppositely charged ions.
In the case of electrons this can be described by:
(𝑛𝑛)ℎ𝜈𝜈/∆𝑇𝑇

𝑀𝑀 + 𝑀𝑀 �⎯⎯⎯⎯⎯� 𝑀𝑀+∙ + 𝑀𝑀−∙

(3.15)

and in the case of protons by:
(𝑛𝑛)ℎ𝜈𝜈/∆𝑇𝑇

𝑀𝑀𝑀𝑀 + 𝑀𝑀𝑀𝑀 �⎯⎯⎯⎯⎯� 𝑀𝑀𝐻𝐻2 + + 𝑀𝑀− .

(3.16)

3.4.3.4 Exciton pooling
The exciton pooling model resolves a problem encountered when comparing the photon
energy and the ionization energy of the matrix molecules. If adsorption effects are not
considered, the photon energy of the lasers employed in MALDI will not suffice to eject
electrons from the matrix. By regarding excited states, so-called excitons, which by
themselves would not suffice to lead to ionization, to be mobile and capable of interacting,
one could explain ionization through exciton combination, or pooling [421, 450, 458, 459].
An exciton is a quantum of electronic excitation energy travelling in the periodic structure
of a crystal; it is electrically neutral and hence its movement through the crystal gives rise
to the transportation of energy but not charge [460].
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In MALDI, the laser pulse must be resonant to the corresponding 𝑆𝑆0 → 𝑆𝑆1 transition of
the matrix molecules to excite them [440]. The donor molecule gets excited (*) by means
of an external laser pulse:
ℎ𝜈𝜈

𝐷𝐷 �� 𝐷𝐷∗ ,

(3.17)

while the acceptor molecule remains in its ground state. The electronic excitation energy
transfer (EET) between two molecules (donor and acceptor) can be represented by [440]:
𝐷𝐷∗ + 𝐴𝐴 → 𝐷𝐷 + 𝐴𝐴∗ .

(3.18)

The Coulomb interaction between the donor and acceptor molecule leads to the reaction
where the donor becomes deexcited and the electrostatic energy is transferred to the
acceptor molecule, which becomes excited (see Figure 3.4a) [440]. Excitation energy
transfer can also be viewed as a two-electron exchange process (Figure 3.4b).

Figure 3.4: The lines represent the HOMO and LUMO of both molecules. The excitation
energy exchange is triggered by the Coulomb interaction between the molecules. a)
Excitation energy transfer between an energy donor molecule D and an acceptor molecule
A. b) Excitation energy transfer can also be viewed as a two-electron exchange process.
Adapted from [440].
If the coupling responsible for EET is generalized to an arbitrary set of molecules, the
excited state is referred to as the Frenkel exciton [440], named after Yakov Il'ich Frenkel
(1894–1952). Frenkel excitons are quantum mechanical superposition states for all excited
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molecules and are encountered in associated and noncovalently bound complexes, such as
molecular crystals of aromatic compounds and dye aggregates [440].
In the case of charge transfer excitons, the electrons and holes reside on molecules that
are not too far apart (distances of some 10 nm) and the wavefunctions of the involved
molecules are still sufficiently overlapping to enable electron transfer reactions [440].
When the EET occurs through charge transfer excitons (Figure 3.4b), ionic states are
required (Figure 3.5).
When the intramolecular relaxation is slow compared with the intermolecular
transitions, the excitation may move as a delocalized state through the matrix crystallites
and is called a coherent transfer process [440]. The opposite is denoted incoherent [440].
It has been suggested that upon their encounter, excitons can transfer their additional
energy causing one matrix molecule to become ionized and the other to fall back into the
ground state [421, 458].
(𝑛𝑛)ℎ𝜈𝜈

𝑀𝑀 + 𝑀𝑀 �⎯⎯� 𝑀𝑀∗ + 𝑀𝑀∗ → 𝑀𝑀 + 𝑀𝑀 +∙ + 𝑒𝑒 −

(3.19)

The encounter of two excitons, however, can also lead to their annihilation [440]. It
might, however, in my opinion, also be a possibility that the ionization of the matrix, or the
analyte for that matter, is due to an interrupted sequential charge transfer exciton
reaction, rather than a combination of two excitons (caused by the rapid distance increase
in the MALDI plume, disrupting the wavefunction overlap).

Figure 3.5: The two-electron exchange process requires ionic states. The electron transfer
can be concerted or sequential. In the latter case, depending on whether the HOMO–HOMO
electron transfer precedes the LUMO–LUMO transfer, where the donor becomes anionic
and the acceptor becomes cationic, or vice versa, where the donor becomes cationic and
the acceptor anionic, different transition states result. Adapted from [440].
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3.4.3.5 Cluster models
The ‘lucky survivor’ model is a cluster-based model, where preformed ions are liberated
and charge (usually in the form of protons) is unevenly divided over clusters, giving these
clusters a net charge. Clusters decompose and ions that are not neutralized, the lucky
survivors, can be detected [461, 462]. The existence of preformed ions is supported by cocrystallizing pH indicators prepared at varying pH [463]. This model was expanded by
including secondary ionization reactions [464]. Delayed extraction experiments [406, 407]
and MS/MS on low-intensity peaks [465] provided proof for the existence of matrix cluster
ions.
Analogous to the ‘bubble chamber’ model developed for SIMS and FAB [466, 467], the
pneumatic assistance model can be considered to be a variant of the cluster model [439].
It is also based on the mechanical separation of preformed ions during ablation upon the
formation of gas bubbles underneath the sample layer, which upon bursting open, result
in the formation of individual ions and ion clusters [439].

3.4.3.6 Excited-state proton transfer
The excitation of the matrix molecule alters its chemical properties. The matrix’s acidity
often increases upon excitation [468]. Like the exciton pooling model, the excited-state
proton transfer (ESPT) assumes the excitation of the matrix molecules through
photoionization as a first step [336, 468]:
ℎ𝜈𝜈

𝑀𝑀𝑀𝑀 �� 𝑀𝑀𝑀𝑀 ∗ .

(3.20)

This reaction if followed by the encounter of another molecule, resulting in the transfer
of a proton:
𝑀𝑀𝑀𝑀 ∗ + 𝑀𝑀𝑀𝑀 → 𝑀𝑀𝐻𝐻2 + + 𝑀𝑀− .

(3.21)

Many studies have been devoted to studying the influence of ESPT on MALDI [469-474],
because the excited states necessary to facilitate proton transfer can be attained by the
absorption of a single UV photon for the wavelengths used in MALDI.

3.4.3.7 Polar fluid model
The polar fluid model assumes that the vaporizing matrix forms a dense polar fluid, which
enables ion pair separation [475, 476].

3.4.3.8 Electron attachment
In the case of anion formation by means of the uptake of an electron I will refer to this
process as electron attachment or electron gain, rather than electron capture, since this
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term is used in physics to describe a different process, where an electron from the K-, or
the L-valence shell is absorbed by the atom’s nucleus and merges with a proton and forms
a neutron, whilst emitting a neutrino.
In the case of electron attachment, a source for these electrons need to be identified.
The electron could either originate from the sample (matrix or analyte), or from the target
plate material. It should be noted that in most mass spectrometers the target plate is
negatively charged and potentials of several tens of kV are applied to form anions.
If the electrons originate from the target plate, these are the result of either thermionic
emission (requiring a sufficient temperature increase) or photoemission (requiring a
sufficiently high photon energy):
(𝑛𝑛)ℎ𝜈𝜈/∆𝑇𝑇

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 �⎯⎯⎯⎯⎯� 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + + 𝑒𝑒 − .

(3.22)

Electron emission will be discussed in more detail in Chapter 5.
While the ionization energy (IE) determines how much energy is required to separate an
electron from a neutral species to become a cation:
Δ𝐸𝐸>𝐼𝐼𝐼𝐼

𝑀𝑀 �⎯⎯⎯� 𝑀𝑀+∙ + 𝑒𝑒 − ,

(3.23)

the electron affinity, χ, plays the key role in anion formation, determining the amount of
energy required or released upon ionization through electron attachment:
Δ𝐸𝐸>𝜒𝜒

𝑀𝑀 + 𝑒𝑒 − �⎯⎯� 𝑀𝑀−∙ .

(3.24)

3.4.3.9 Neutralization through recombination
Due to recombination of the oppositely charged ions, neutralization occurs. This is mostly
kinetically controlled. Provided no additional ions are formed, the ion life time in a gas can
be described by [3]:
𝜏𝜏 =

1

𝛼𝛼𝑖𝑖 𝑛𝑛0

,
(3.25)

where 𝛼𝛼𝑖𝑖 is the recombination coefficient, a proportionality factor between the inverse life
time and the ion density 𝑛𝑛0 (at 𝑡𝑡 = 0), which depends mostly on the temperature, pressure
and ion species present in the gas. In the developing MALDI plume, both the temperature
and the pressure will drop, which will increase the ion life time.
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3.4.3.10 Fragmentation: in-source and post-source decay
Following the discussion on ionization mechanisms, a few words on ion fragmentation
might be warranted. If the fragmentation occurs within the ion source, this is called insource decay (ISD), whereas when the metastable ion dissociation occurs away from the
ion source, this is referred to as post-source decay (PSD) [310].
As should become clear from this non-exhaustive list of mechanisms, one of the main
questions that remain to be solved for MALDI concerns the origin of the charge: how does
the charge separation come about and how is it maintained? And does this charge originate
from the matrix or the substrate? How is the ion yield limited by initial charge separation
efficiency and/or the subsequent neutralization? Are only the analyte and matrix molecules
involved in these processes or does the surface underneath also play a role and, if so, is it
purely a thermal role or do electrical effects contribute? Therefore, the role of the target
plate material will be discussed in more detail in Chapter 5.

3.5

Ion transport, storage, separation and detection

This paragraph, by discussing the available techniques for ion transport, storage,
separation and detection, will inevitably result in introducing the available instruments for
mass spectrometry. Four of them will be discussed in more detail: magnetic sector, timeof-flight, Orbitrap and Fourier-transform ion-cyclotron resonance mass spectrometers. Of
course, this overview is not exhaustive, because system hyphenation, where different ion
transport, storage and detection modules are arranged sequentially, thereby enabling
different experiments, has given rise to many hybrid systems.
Special ion storage cells can be used to carry out reactions, to single out ions with a
specific m/z, or to induce fragmentation by introducing collision gases. The main
instrumental ion optics and storage elements and their benefits will therefore be
addressed.
Instrument choice will ultimately depend on a few aspects, such as: instrument
(maintenance) cost, high-throughput requirements and required mass resolution.
For the research described in this thesis, two types of mass spectrometers were used: a
MALDI-time-of-flight mass spectrometer and the MALDI-Fourier transform ion-cyclotron
resonance mass spectrometer, which were both equipped with a MALDI source for ion
generation, but vary in their ion transport and detection systems. The design, construction
and initial testing of the latter will be discussed in Chapter 10.

3.5.1 Resolution,

accurate

mass

and

molecular

formula

assignment
What is important to note is that the techniques used for ion manipulation and detection
will inevitably affect the mass resolution, R, of a spectrum: the smallest difference in m/z
(Δm/z) that can be separated for a given m/z value [310]:
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𝑅𝑅 =

𝑚𝑚

∆𝑚𝑚

.
(3.26)

If the resolution is sufficiently high (> 10,000), it becomes possible to discern the isotopes
of elements based on their mass defects, where the mass defect (by definition, the isotope
12C has a mass defect of 0) is given by [310]:
𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑚𝑚𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 .

(3.27)

When one is able to determine the exact mass of the isotopes present in the ionized
molecule, one is able to determine the accurate mass of the molecular ion and, hence, its
𝑚𝑚

molecular formula [310]. The mass accuracy, Δ � �, is then given by the experimentally
𝑧𝑧
determined accurate mass and the calculated exact mass:
𝑚𝑚
𝑚𝑚
𝑚𝑚
Δ� � = � �
−� �
.
𝑧𝑧
𝑧𝑧 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑧𝑧 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(3.28)

3.5.1 Magnetic sector
A magnetic sector mass spectrometer consists of a flight tube where the ions are
separated by an applied homogeneous magnetic field [310]. The Lorentz force ions
experience when passing through the magnetic field is given by:
𝐹𝐹 = 𝑒𝑒0 𝑧𝑧𝑧𝑧 =

𝑚𝑚𝑣𝑣 2
.
𝑟𝑟

(3.29)

The ions need to be accelerated by an electric field, U, to give them kinetic energy. This
is described by:
𝐸𝐸𝑘𝑘 = 𝑒𝑒0 𝑧𝑧𝑧𝑧 =

1
.
2𝑚𝑚𝑣𝑣 2

(3.30)

The combined effects of the circular motion caused by the magnetic field and the
translational motion caused by the electric field, will result in the separation of the ions
based on their mass-to-charge ratio:
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𝑚𝑚 𝐵𝐵2 𝑟𝑟 2
=
.
2𝑈𝑈
𝑧𝑧

(3.31)

3.5.2 Time-of-flight
For time-of-flight (TOF) instruments, transporting ions towards a detector alone will not
result in a mass spectrum. If the ions are not separated based on their mass-to-chargeratio, they will all reach the detector at the same time in the case. Therefore, as shown in
Figure 3.6, a time-of-flight (TOF) mass spectrometer employs ion separation by using ion
acceleration into a field-free region based, where their drift results in separating them
based on their mass-to-charge ratio (m/z). To enable separation, the generated ions first
must be propelled into this field-free region, which is done with pulsed ion extraction (PIE;
also known as delayed extraction, or time-lag focusing (TLF), depending on the
manufacturer). After having been separated the ions of different m/z will subsequently hit
a microchannel plate (MCP) detector, which induces a current that can be drawn up over
time and in its turn results in a spectrum, which after calibration against a set of known
masses can be interpreted within the calibrated mass range.
The energy taken up by an ion in the acceleration region depends on its charge and the
applied voltage:
𝐸𝐸 = 𝑞𝑞𝑞𝑞 = 𝑒𝑒0 𝑧𝑧𝑧𝑧.

(3.32)

Figure 3.6: Overview of a linear TOF instrument. The generated ions are accelerated
towards a grounded extraction plate, which has a small orifice for the ions to pass through,
in the direction of the detector. In the field-free drift region they are separated based on
their mass-to-charge (m/z) ratio. Adapted from [310].
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This energy is converted into kinetic energy: the ions will move towards the extractor
plate:
𝐸𝐸𝑘𝑘 = 𝑒𝑒0 𝑧𝑧𝑧𝑧 =

1
.
2𝑚𝑚𝑣𝑣 2

(3.33)

and hence, the velocity of an ion of charge z and mass m is given by:
𝑣𝑣 = �

2𝑒𝑒0 𝑧𝑧𝑧𝑧
.
𝑚𝑚

(3.34)

Since the travel distance, s, between the extractor plate and detector is fixed, the ion’s
drift time towards the detector is given by:
𝑡𝑡 =

𝑠𝑠

�2𝑒𝑒0 𝑈𝑈

𝑚𝑚
� .
𝑧𝑧

(3.35)

and therefore, the mass-to-charge ratio is given by:
𝑚𝑚 2𝑡𝑡 2 𝑒𝑒0 𝑈𝑈
=
.
𝑠𝑠 2
𝑧𝑧

(3.36)

3.5.2.1 Pulsed ion extraction
Pulsed ion extraction (PIE) can partly compensate for the difference in kinetic energy of
the formed ions and therewith increase the resolving power of an instrument [310, 477,
478].
By leaving a time delay between firing the laser pulse and reducing the potential on the
extractor plate, which is positioned parallel above the target plate and has a small orifice
through which the ions can be accelerated, the ions which have moved further away from
the target plate will reside in the electric field during a shorter time and experience a
smaller potential, than those that did not receive as much kinetic energy and are nearer to
the target plate. Hence, their acceleration will be balanced out, causing them to reach the
detector simultaneously (see Figure 3.7).
While the kinetic energy depends on the mass of an ion, PIE will lead to focusing of ions
of a specific m/z range on the detector. This will lead to differences in peak resolution over
the entire m/z range, but enables tuning the instrument for the m/z range of interest.
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Figure 3.7: Pulsed ion extraction. Kinetic energy differences between ions of equal m/z can
be partly reduced by applying the ion acceleration field with a time delay.

3.5.2.2 Reflectron
Another elegant solution to improve the resolution in time-of-flight instruments, came
with the introduction of the reflectron [479]. By reflecting the ions in an electric field of
equal polarity, the differences in kinetic energy due to an uneven energy distribution upon
ablation, can now be reduced. Those ions with a larger kinetic energy will penetrate the
electric field more and will subsequently require a longer time to be reflected compared to
those with a smaller kinetic energy. This results in two ions with different initial velocities,
but otherwise identical, to reach the detector simultaneously (see Figure 3.8). The
resolution of a reflectron time-of-flight mass spectrometer is, therefore, higher than that
of a linear mass spectrometer.
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Figure 3.8: Schematic overview of a MALDI-time-of-flight mass spectrometer fitted with a
linear and a reflectron detector. Figure adapted from [310].

3.5.2.3 Microchannel plate detector
A microchannel plate (MCP) detector intensifies the impact of a single particle by electron
multiplication via secondary emission. It relies on the same principles as the Faraday cup
and secondary emission multipliers (SEM). An MCP is an array of miniature electron
multipliers oriented parallel to one another with a potential of a few kV across them [480].

60

The channels are angled slightly off-axis to enable the ions to impinge on the wall of the
microchannels [310]. To improve the gain of the MCP further, several MCPs can be stacked
together (chevron and z-stack MCPs) [310]. The MCP is coupled to an analog-to-digital
converter (ADC), which transforms the analog current resulting from the impacting ions to
a digital number corresponding to the current’s magnitude, which can be plotted against
time.

3.5.3 Ion guides, ion traps, collision cells, linear and 3D quadrupole
mass analyzers
Ion guides, consisting of cylindrically or hyperbolically shaped multipole rods
(quadrupole, hexapole, octapole, etc.), arranged in parallel, to which mass-range specific
radiofrequency (RF) potentials are applied, can be used to transport ions over the length
of the ion guide rods, and, with the addition of two trapping electrode and the aid of a
collision gas, to temporarily store the ions.
Ions enter the ion guide along the axis of the rods and are attracted and repulsed by a
combination of a DC voltage 𝑈𝑈 and an alternating radiofrequency (RF) voltage 𝑉𝑉 with a
frequency 𝜔𝜔, resulting a total potential Φ0 , given by [310]:
Φ0 = 𝑈𝑈 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

(3.37)

applied in opposite sign to the two electrode pairs in the case of a quadrupole ion guide.
The equations of ion motion in the 𝑥𝑥𝑥𝑥-plane orthogonal to the ion guide axis, known as
the Mathieu functions, developed by Émile Léonard Mathieu (1835–1890) in 1868 [481],
are given by [310]:
𝑑𝑑 2 𝑥𝑥
𝑑𝑑𝜏𝜏2

+ (𝑎𝑎𝑥𝑥 + 2𝑞𝑞𝑥𝑥 cos 2𝜏𝜏)𝑥𝑥 = 0

(3.38)

+ (𝑎𝑎𝑦𝑦 + 2𝑞𝑞𝑦𝑦 cos 2𝜏𝜏)𝑦𝑦 = 0,

(3.39)

and
𝑑𝑑 2 𝑦𝑦
𝑑𝑑𝜏𝜏2

where:
𝑎𝑎𝑥𝑥 = −𝑎𝑎𝑦𝑦 =

4𝑒𝑒0 𝑈𝑈

𝑚𝑚𝑖𝑖 𝑟𝑟0 2 𝜔𝜔2

,
(3.40)
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𝑞𝑞𝑥𝑥 = −𝑞𝑞𝑦𝑦 =

2𝑒𝑒0 𝑉𝑉

𝑚𝑚𝑖𝑖 𝑟𝑟02 𝜔𝜔2

,
(3.41)

and
𝜏𝜏 =

𝜔𝜔𝜔𝜔
2

,
(3.42)

with 𝑟𝑟0 being the distance between the central axis and the electrode surface in the 𝑥𝑥𝑥𝑥plane. Ions that can oscillate in the applied electric field within the 2𝑟𝑟0 region, have a stable
trajectory and can be transmitted. By plotting 𝑎𝑎 as a function of 𝑞𝑞, an ion stability diagram
𝑈𝑈
can be obtained [310] By adjusting the magnitude of V and the ratio , different m/z values
𝑉𝑉
and ranges can be selected for transmission, and, therefore, the ion guide can act as a massfilter [310]. By varying the magnitude of U and V, whilst keeping their ratio constant, a scan
is obtained allowing ions of increasingly higher m/z to pass the quadrupole [310].
By subjecting the ions in the quadrupole ion guide to a collision gas, ions can be slowed
down. When two electrodes are located at either side of the quadrupole, a potential well
can be applied, trapping the ions inside the quadrupole, which can now be considered to
be a linear quadrupole ion trap [310]. By keeping the trapping electrode at the entrance of
the cell at a low potential, ions can be accumulated in the ion trap, because they will lose
their kinetic energy required to escape due to collisions with the collision gas (e.g. argon,
nitrogen) [310]. This can be useful to enhance a signal when the instrument is coupled to a
chromatographic separation device, for example. This arrangement with the trapping
electrodes and a collision gas is referred to as a collision cell and can be used for ion-ion
[482] and ion-molecule reactions [483] (e.g. hydrogen/deuterium exchange [484]). After
ion accumulation, ions can be ejected either axially, or radially and can be subsequently
detected.
By adjusting the geometry of the ion trap, such that the application of a 3D, instead of
2D RF quadrupole field becomes possible, has resulted in the 3D quadrupole ion trap [310].
This device, with two hyperbolic electrodes serving as end caps and a ring electrode, is also
known as the Paul trap and was introduced in 1953 [307]. Its potential can be described in
polar coordinates by [310]:
Φ𝑟𝑟,𝑧𝑧 =

Φ0

𝑟𝑟0 2

(𝑟𝑟 2 − 2𝑧𝑧 2 ),

(3.43)

where the injected ions in the 3D quadrupole ion trap obey the following motion equations
[310]:
𝑑𝑑 2 𝑧𝑧

𝑑𝑑Ω2
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+ (𝑎𝑎𝑧𝑧 + 2𝑞𝑞𝑧𝑧 cos 2Ω)𝑧𝑧 = 0

(3.44)

and
𝑑𝑑 2 𝑟𝑟

𝑑𝑑Ω2

+ (𝑎𝑎𝑟𝑟 + 2𝑞𝑞𝑟𝑟 cos 2Ω)𝑟𝑟 = 0,

(3.45)

where:
16𝑒𝑒0 𝑈𝑈

,

8𝑒𝑒0 𝑉𝑉

,

𝑎𝑎𝑧𝑧 = −2𝑎𝑎𝑟𝑟 =

𝑚𝑚𝑖𝑖 (𝑟𝑟0 2 +2𝑧𝑧0 2 )Ω2

𝑞𝑞𝑧𝑧 = −2𝑞𝑞𝑟𝑟 =

𝑚𝑚𝑖𝑖 (𝑟𝑟0 2 +2𝑧𝑧0 2 )Ω2

(3.46)

(3.47)

and
Ω = 2𝜋𝜋𝜋𝜋,

(3.48)

where 𝑓𝑓 is the fundamental RF frequency of the trap.

3.5.4 Orbitrap

In 1923, Kingdon published a method to trap an ion based on a straight wire along the
axis of a surrounding cylindrical electrode having flanges that enclosed the trapping volume
[310, 485]. The ions do not hit the electrode, but become trapped in a rotational motion
around it. Randall Dewey Knight added an outer electrode, designed to give a harmonic
axial potential, to this setup in 1981 [486].
In 2000, Alexander Alexeyevich Makarov (1966–) presented a new mass analyzer that
traps ions in an electrostatic field, where the field’s potential distribution can be
represented as a combination of quadrupole and logarithmic potentials. The ions orbiting
around an axial electrode also perform harmonic oscillations along the electrode with
frequency proportional to (m/z)−1/2, which can be detected, using image current detection,
and transformed into mass spectra, using fast Fourier transformation [487]. The resolution
of this mass analyzer exceeds that of the time-of-flight mass spectrometers and is
approaching that of an ion-cyclotron resonance cell-based mass analyzer for lower m/z
ions, ‘and may even outperform it at high m/z values (e.g. > m/z 800 in case of a FTICR-MS
with a 7-T magnet)’ [310, 488, 489].
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3.5.5 Ion-cyclotron resonance cell
If ions of varying m/z are circulating in a magnetic field simultaneously, the alternating
induced current these charges are generating on surrounding electrodes can be used to
determine their m/z: this is the principle of the ion-cyclotron resonance (ICR) cell.
The ion-cyclotron resonance cell is a Penning trap. This trap is a device used to store and
manipulate charged species using a homogeneous axial magnetic field and an
inhomogeneous quadrupole electric field. Hans Georg Dehmelt (1922–2017) built the first
trap in 1959 and named it after Frans Michel Penning (1894–1953), because he drew his
inspiration from Penning’s cold cathode ionization gauge that enabled Penning’s discovery
of a form of ionization, now known as Penning ionization [311]. With this trap, Dehmelt
was the first to isolate, store, observe and manipulate a subatomic particle, the electron,
and to determine the electron’s spin moment [490].
In 1965, the ion cyclotron resonance was first applied in mass spectrometry. The ions
were created within the magnetic field and allowed to drift freely into the ICR cell [491,
492]. The next development was the addition of the trapping electrodes in 1970, which
enabled a pulsed mode of operation and longer measurement times, since the ions could
no longer drift out of the cell [493]. Fourier transform ion-cyclotron resonance was
invented by Melvin B. Comisarow and Alan G. Marshall (1944–) in 1974 [494]. The FT mode
of operation involves rapidly sweeping the excitation frequency and detecting the
consequential coherent motion of the different ion trajectories by measuring the image
current in an external circuit, rather than scanning the magnetic field or the frequency of
the exciting signal slowly and measuring the power absorption as ions of successive m/z
come into resonance [492]. The signal drawn up in the time domain, known as the free
induction decay (FID), can then be Fourier transformed into the frequency domain.
In 1822, Jean-Baptiste Joseph Fourier (1768–1830) stated that every periodical function
can be described as the sum of sine and cosine functions of different frequencies and
amplitudes [495]. This Fourier series can be described by [3]:
∞

𝑎𝑎0
𝑥𝑥(𝑡𝑡) =
+ �(𝑎𝑎𝑘𝑘 cos(𝑘𝑘𝑘𝑘𝑘𝑘) + 𝑏𝑏𝑘𝑘 sin(𝑘𝑘𝑘𝑘𝑘𝑘))
2
𝑘𝑘=1

(3.49)

with the Fourier coefficients:
𝑎𝑎𝑘𝑘 =
and
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2 𝑇𝑇
� 𝑥𝑥(𝑡𝑡) cos(𝑘𝑘𝑘𝑘𝑘𝑘) 𝑑𝑑𝑑𝑑,
𝑇𝑇 0

𝑘𝑘 = 0, 1, 2, 3 …

(3.50)

𝑏𝑏𝑘𝑘 =

2 𝑇𝑇
� 𝑥𝑥(𝑡𝑡) sin(𝑘𝑘𝑘𝑘𝑘𝑘) 𝑑𝑑𝑑𝑑,
𝑇𝑇 0

𝑘𝑘 = 1, 2, 3 … ,

(3.51)

2𝜋𝜋

where 𝜔𝜔 = . The Fourier amplitudes provide the intensity of the separate frequency
𝑇𝑇
components in the periodical function 𝑥𝑥(𝑡𝑡).
Several ICR cell geometries have been developed based on the Penning trap [496]. All of
them require at least three sets of electrodes: one pair to trap the ions axially, another pair
to excite the ions and one final pair to record the image current. The trapping electrodes
are located normal to the magnetic field lines and the excitation and detection electrodes
are situated in parallel to them. The latter two sets of electrodes are offset relative to each
other by 90°. Cylindrical cells have the advantage of a stronger image current, due to the
permanent vicinity of the rotating ions, in comparison to the early cubic cell [310]. For the
instrument described in Chapter 10 the open cell cylindrical cell geometry was employed,
where the trapping plates were capacitively coupled to the excitation plates to reduce axial
ejection [497-499]. Other ICR cells worth mentioning are the infinity cell, which prevents
axial ejection of ions upon excitation [500], and the narrow aperture detection electrode
(NADEL) ICR cell, which allow to measure the undisturbed cyclotron frequency [501].
To record an ion image current, the ions need to be guided to or created in a magnetic
field and trapped in between two trapping plates. The ions can be collisionally cooled,
leading to axialization, and subsequently exited. The resulting induced current on the two
detection plates, corresponding to the cyclotron frequencies of the excited ions, must be
amplified and this amplified signal in the time domain can now be Fourier transformed to
the frequency domain.
The frequency-to-m/z conversion of the trapped species is done by employing the
cyclotron equation. The cyclotron frequency can be deduced from the centripetal force and
the Lorentz force in the xy-plane of the ICR cell [502]:
𝑚𝑚𝜐𝜐2
𝑟𝑟

= 𝑞𝑞𝑞𝑞𝜐𝜐,

(3.52)

so, the angular rotation speed is given by:
𝜐𝜐

𝜔𝜔 = =
𝑟𝑟

𝑞𝑞𝑞𝑞
𝑚𝑚

.
(3.53)

Therefore, the rotational, or cyclotron frequency is given by [502]:
𝑓𝑓 =

𝜔𝜔

2𝜋𝜋

=

𝑞𝑞𝑞𝑞

2𝜋𝜋𝜋𝜋

,
(3.54)

and therefore:
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𝑚𝑚

� �=
𝑧𝑧

1.535611×107 𝐵𝐵0
𝑓𝑓

.
(3.55)

Because the cyclotron frequency is independent of the radius and velocity of the ions,
and hence its kinetic energy, the mass resolution obtained employing an ICR cell as mass
analyzer is much higher compared to that of a TOF mass spectrometer.
The ion-cyclotron orbital radius is given by [502]:
𝑟𝑟 =

𝑚𝑚
1.036427 × 10−8 � � 𝜐𝜐
𝑧𝑧
𝐵𝐵0

(3.56)

The average velocity of the ions in the xy-plane in thermal equilibrium with the system
approaches [502]:
𝑚𝑚𝜐𝜐2
2

≈ 𝑘𝑘𝐵𝐵 𝑇𝑇.

(3.57)

Therefore, the ion-cyclotron orbital radius can be written as [502]:
𝑟𝑟 =

1.336510×10−6
𝑧𝑧𝑧𝑧0

√𝑚𝑚𝑚𝑚.

(3.58)

The radius of a singly charged C60 ion at room temperature would be about 0.131 mm in
a 4.7 T magnetic field. The post-excitation radius, which is independent of the m/z-value,
is given by [502]:
𝑟𝑟 =

𝑉𝑉𝑝𝑝−𝑝𝑝 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
2𝑑𝑑𝑑𝑑0

,
(3.59)

where Vp-p is the peak-to-peak voltage, Texcite is the excitation period and d is the distance
between the excitation electrodes, and B0 is the magnetic field [492].
The kinetic energy of an orbiting ion is given by [502]:
𝐸𝐸𝑘𝑘 =
or can be written as:

66

𝑞𝑞 2 𝐵𝐵0 2 𝑟𝑟 2
2𝑚𝑚

,
(3.60)

𝐸𝐸𝑘𝑘 =

4.824265×107 𝑧𝑧 2 𝐵𝐵0 2 𝑟𝑟 2
𝑚𝑚

,
(3.61)

A singly charged C60 ion at room temperature excited to a 10-mm orbiting radius in a
4.7 T magnetic field would then possess a kinetic energy of 148 eV, compared to 0.025 eV
in its normal orbiting radius. Collisional cooling can be applied for re-axialization of the
excited ions for repeated measurements.
The ion trapping in the potential well of the trapping electrodes, spaced apart by a
distance a, also results in an oscillatory motion along the z-axis of a trap with a shape
parameter α, of which the frequency is given by [502]:
2𝑞𝑞𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝛼𝛼
𝜔𝜔𝑧𝑧 = �
𝑚𝑚𝑎𝑎 2

(3.62)

or can be written as:
𝑧𝑧𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝛼𝛼
𝜔𝜔𝑧𝑧 = 2.21088 × 103 �
𝑚𝑚𝑎𝑎 2

(3.63)

and this oscillation results in a radial force, which opposes the Lorentz force, given by [502]:
𝐹𝐹𝑟𝑟 =

𝑞𝑞𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝛼𝛼
𝑟𝑟.
𝑎𝑎2

(3.64)

The total force on an ion is then given by [502]:

𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐹𝐹𝐿𝐿 − 𝐹𝐹𝑟𝑟 = 𝑞𝑞𝐵𝐵0 𝜔𝜔𝜔𝜔 −

𝑞𝑞𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝛼𝛼
𝑟𝑟.
𝑎𝑎2

(3.65)

Upon rewriting and solving this quadratic equation, the reduced cyclotron frequency and
the magnetron frequency emerge, respectively [502]:

𝜔𝜔+ =

𝜔𝜔
𝜔𝜔 2 𝜔𝜔𝑧𝑧 2
+ �� � −
2
2
2

(3.66)

and
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𝜔𝜔− =

𝜔𝜔
𝜔𝜔 2 𝜔𝜔𝑧𝑧 2
− �� � −
.
2
2
2

(3.67)

This magneton motion causes small side bands in the vicinity of the main peak [503, 504].
The NADEL ICR cell applies non-linear trapping electric fields, which allows to measure the
cyclotron frequency itself, rather than the reduced cyclotron frequency [501].
Because the frequency of the ions is directly proportional to the magnetic field strength,
this means that the resolution increases with increasing magnetic field strength. The low
operating pressure (typically 10−10 mbar), enabling long ion storage in the ion trap,
together with the non-destructive measuring of the image current, enables performing
several measurements sequentially. This makes the FTICR system more sensitive, as
compared to the previously discussed systems.
Ion transport to the detector by manipulation through electric and magnetic fields leads
to a (partial) loss of the kinetic information one might use to study the desorption/ablation
and ionization mechanisms. In commercial instruments, the differences in the kinetic
energy of ions is being reduced on purpose to increase the resolution and to aid structure
identification. Without any manipulation, electrostatic interactions would eventually lead
to neutralization of the formed ions, as previously discussed. To be able to study the
kinetics of the desorbed and ablated species, the ions must be ionized in close vicinity of
the detector to allow them to reach the detector without the use of electromagnetic fields.
An open ICR cell would allow for such studies. The device, based on this detector, which I
have designed and constructed to answer questions regarding the kinetic energy
distribution upon ablation, will be discussed in more detail in Chapter 10.

3.6

Calibration

To determine m/z values accurately, the mass spectrometer must be calibrated
unambiguously with reference standards, i.e. compounds with a specific mass-to-chargeratio and a specific isotope distribution. Which standards to choose will depend on the ion
source and the mass analyzer of the mass spectrometer, as well as on the m/z of the
analytes of interest.
The peaks originating from the sample must lie within the calibrated region to allow for
interpolation. A calibration curve, or standard curve, requires an absolute minimum of
three data points, which, if possible, should be equally spaced to prevent any bias. Linear
regression can be used to find a specific relationship between the data points. Many
analytical techniques rely on calibration curves to provide qualitative and quantitative data.
Calibration can be performed externally, by calibrating with a standard and subsequently
measuring a sample, or internally, by adding the standard to the sample, which, of course,
is more difficult, since the sample and the standard might interact with one another, which
might lead to false data interpretation [310].

68

Especially, when developing a new instrument, this instrument should be thoroughly
externally calibrated and compared with existing instrumentation to verify whether the
experimental outcome makes sense.

3.7

Important parameters

The rather complicated instrumental setup of a MALDI mass spectrometer is
accompanied by many settings that require some additional attention. The most important
parameters are listed in the following sections.

3.7.1 Operating pressure
The operating pressure will determine the mean free path of the ions in the mass
spectrometer. This is the distance between two particle encounters. Assuming the particles
of diameter d in the system to behave like hard spheres, this is given by [3]:
Λ=

𝑅𝑅𝑅𝑅

√2𝜋𝜋𝑑𝑑 2 𝑁𝑁𝐴𝐴 𝑝𝑝

.
(3.68)

It is clear from this equation that for a lower pressure and temperature the mean free
path increases, which means that the ion will survive longer in vacuum. This is especially
useful for FTICR measurements, where the number of revolutions in the ICR cell will
determine the resolution. Depending on the kinetic energy of the particles, the encounters
could lead to charge transfer and/or fragmentation and therefore, lower pressures will
benefit the ion stability.

3.7.2 Applied potentials
The potentials applied to guide the ions in the direction of the detector will determine
the kinetic energy the ions will be provided with. If these fast-moving charged particles
collide with the neutral species (their number depending on the previously mentioned
operating pressure) this can result in their fragmentation, or even charge transfer.
In time-of-flight instruments, the applied potential is used to accelerate the ions towards
the field-free region where their separation based on m/z occurs; in an ICR cell, potentials
are applied to trap the ions and, as such, the potential well created will determine the
spread on the ions along the magnetic field axis; in ion guides, the RF potentials can be
applied to select ions of a specific m/z range; electrodes can be used to focus the ion beam,
or when properly timed, to focus a specific ions with equal m/z, but with varying kinetic
energy to reach the detector simultaneously, or they can be used to reverse the ion flight
path to enhance resolution; the entire principle of the orbitrap relies on the application of
electric fields. For MALDI, the target plate can be biased with a potential to determine
which ion polarity will be measured, or it can be grounded. For ESI, the applied potential to
the electrospray tip will determine the ion formation. The kinetic energy applied for EI, or
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the current passing through the filament in TI, will determine the kinetic energy of the
electrons and desorbed ions.
Therefore, the applied potentials in mass spectrometers allow a large degree of flexibility
and will determine the number of ions that will be detected, the degree of their
fragmentation and the resolution that will be obtained.

3.7.3 Extraction delay time
As previously mentioned in Section 3.5.2.1, delayed extraction or PIE can aid to increase
the resolving power for a specific m/z range [477, 478]. The delay can usually be varied
over a duration of a µs, with ns accuracy, though one should be aware of electronic delays
intrinsic to the instrument due to the use of photodiodes, for example.
By extracting the ions at various time intervals after the laser pulse has been fired, one
can get snapshots of the ionic species present in the developing MALDI plume (though any
additional fragmentation due to ion−neutral collisions cannot be prevented). This can
provide some insight in the stability of the (cluster) ions formed and the secondary charge
transfer reactions.

3.7.4 Mass analyzer
As discussed in the previous paragraph, there are several m/z analyzers available for mass
spectrometry. Besides the time-of-flight and ion-cyclotron systems used in this research,
magnetic-sector, quadrupole (Paul) ion trap and the orbitrap are commonly used for mass
analysis. Together with the ion manipulation to reach the detector, the chosen mass
analyzer will determine the resolution of the mass spectra obtained. When using an MCP,
care should be taken to ensure that the potential applied over the electron multipliers is
sufficient to induce electron emission, and hence a signal, upon ion impact, since the
detector’s sensitivity will decrease over time.

3.7.5 Laser settings
To perform MALDI experiments, a laser is essential. The choice of laser, its focus,
wavelength, pulse duration and shape, as well as the number of shots fired at a single point
on the MALDI target all affect the ionization mechanism and the observed spectra.

3.7.5.1 Wavelength
Most lasers used for MALDI operate in the UV range. Typically, nitrogen (λ: 337.1 nm),
frequency-tripled Nd:YAG (λ: 354.6 nm) and frequency-tripled Nd:YLF (λ: 349.0 nm) lasers
are employed. MALDI can, however also be achieved by employing IR lasers [476, 505]. The
most essential thing to keep in mind is the capability of the chosen matrix to interact with
the photons at the laser’s operating wavelength. UV lasers are exciting the matrix
molecules electronically, whilst IR lasers will vibrationally excite the matrix molecules. It
has been shown that both wavelength areas can result in successful and similar ionization.
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Compton and Thompson scattering, the inelastic and elastic scattering of photons by
charged particles such as electrons will only occur at wavelengths sufficiently short
compared to the Compton wavelength of the charged particle: e.g. 𝜆𝜆𝐶𝐶 = 2.426 pm for an
electron, and will not occur at the wavelengths commonly employed for MALDI.
Relating the energy of a photon to its wavelength, results in:
𝐸𝐸 = ℎ𝜈𝜈 =

ℎ𝑐𝑐
𝜆𝜆

.
(3.69)

This equation is also known as the Einstein equation and provides the energy of a photon
with frequency 𝜈𝜈 or wavelength 𝜆𝜆. Since wavelengths are usually given in nm, and energies
(e.g. the work function, φ) in eV, ℎ𝑐𝑐 can be described in eV nm:

ℎ𝑐𝑐 = (4.13566743 × 10−15 eV s)(2.99792458 × 1017 nm s−1 ) = 1240 eV nm,
(3.70)

so:
𝐸𝐸 =

1240 eV nm
.
𝜆𝜆 nm

(3.71)

The most frequently used wavelengths and their corresponding photon energies are
given in Table 3.1
Table 3.1: Commonly used wavelengths, 𝜆𝜆 , for (MA)LDI-MS and their corresponding
energies, E.
Laser type
𝜆𝜆 (nm)
E (eV)
Nitrogen
337.1
3.68
ND:YLF, frequency-tripled (1047 nm)
349.0
3.55
Nd:YAG, frequency-tripled (1064 nm)
354.6
3.50

The photon energies shown in Table 3.1 are within an interesting range when comparing
them to the work functions of most metals that can be used as substrates for the (MA)LDI
sample (shown in Appendix I, Table I.9.1), which are only slightly higher. The question
arises whether a laser with a shorter wavelength and a higher photon energy would be
more efficient for (MA)LDI-MS, since the photoelectron contribution would be higher.
Another important question is the degree of cation neutralization that might occur through
an increased number of free photoelectrons [506]. In general, the contributions of electron
production resulting from the photoelectric effect and from thermionic emission form an
interesting starting point for investigating the mechanism(s) underlying (MA)LDI
(Paragraph 11.2).

71

3.7.5.2 Fluence
The fluence is defined as the amount of energy per laser pulse per surface area and is
given in J m−2 [3]:
𝑡𝑡2

𝐻𝐻𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = � 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝑡𝑡)𝑑𝑑𝑑𝑑 ,
𝑡𝑡1

(3.72)

where 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is the irradiance, which is the average laser power divided by the irradiated
area, given by:
𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =

𝑑𝑑Φ𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑑𝑑𝑑𝑑

(3.73)

MALDI operating fluence values have been reported ranging from 0.3−60 kJ m−2 [341].
For monochromatic laser light, the laser energy is determined by the number of photons
and their respective energy. To determine the number of photons in a laser pulse, one
needs to measure the laser power and determine the pulse duration. The number of
photons is given by:
𝑁𝑁 =

𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
ℎ𝜈𝜈

=

Φ𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 Δ𝑡𝑡
𝑐𝑐
𝜆𝜆

ℎ� �

=

𝜆𝜆Φ𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 Δ𝑡𝑡
ℎ𝑐𝑐

=

𝜆𝜆Φ𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 Δ𝑡𝑡

1240 eV nm × (1.60218 × 10−19 J eV−1 )

.

(3.74)

In case of the Autoflex I, equipped with a Lasertechnik Berlin MNL 100 nitrogen laser,
with an average power of 40 W and a pulse halfwidth of 3 ns, the number of photons is:
𝑁𝑁 =

(337.1 nm)(40 J s−1 )(3 × 10−9 s)

(1240 eV nm)(1.60218 × 10−19 J eV−1 )

= 2.04 × 1011 .

(3.75)

When the area of irradiation is known and the amount of matrix applied to this area, it is
possible to calculate the photon-matrix molecule ratio.
Of course, it remains questionable how homogeneous each laser pulse is. If one assumes
a Gaussian distribution of the photons over the pulse diameter when it strikes the target
plate, then the absorption in the center of the irradiated area is bound to be higher.
Together with the conductive properties of the target plate, this will result in different local
temperatures and pressures attained and, hence, different desorption or ablation patterns
will arise.
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3.7.5.3 Number of shots
Since this thesis focuses on the role to the target plate in the MALDI process, the number
of shots at the same location has been varied between 10 and 25, to provide a balance
between possible first shot effects and measuring time. The target plates were evaluated
microscopically to establish whether the substrate surface could still be identified and
could still play a significant role in the MALDI process. The chosen number of shots always
sufficed to ablate the sample completely and to expose the target plate material at the
highest measured laser fluence.
The number of shots fired at a single point on the target plate will significantly influence
the outcome of a MALDI experiment. When a single shot is fired, the remaining surface will
look different: loosely attached matrix and analyte could have ablated, but could have
become rearranged as well, due to convection or scattering for example. Firing another
laser pulse will therefore not have the same ablation effect as the first laser pulse
interacting with the surface. This first-shot-effect should be considered and it is therefore
recommended to average the spectra of several tens of laser pulses to obtain a comparable
result.
If the sample layer is sufficiently thin to be ablated in a single shot at the operating laser
fluence, this averaging strategy does, of course, not make any sense.
The wide range of physical and chemical processes and their dependence on target plate
material and matrix and analyte characteristics and operating wavelength, laser pulse
duration, instrument geometry, applied potentials and their timing, make it difficult to
study the MALDI mechanism in a straightforward way. For example: one matrix might
absorb the UV light of the laser better than another without fragmenting, resulting in a
higher localized temperature of the target plate material when compared to a matrix that
absorbs less, which in turn could have consequences for the target plate material’s
magnetic properties, its work function, its physical state and its conductive properties.
Consequently, this could lead to generating different electron amounts with a different
energy range. By allowing the reactive species to freely expand in to vacuum before
extracting from the material plume, some reactions could lead to an increase in ion yield
and some could lead to neutralization of the generated species.
By changing one parameter, such as the target plate material, the surface roughness, the
electrical and thermal conductivity, work function, magnetic properties, are all affected,
leading to a different behavior of the matrix upon ablation. However, such empirical
research in unavoidable when so many parameters are involved and modeling is no longer
realistically done, especially when the time domains when these parameters dominate are
not precisely known.

3.7.5.4 Pulse width
The laser pulse width will determine whether the time regimes during which electron
transfer and heat transfer occur, will overlap and, hence, whether vibrational relaxation of
the deposited sample and target plate material is possible. The normally used nanosecond
laser pulses are much longer than the time required for thermal equilibrium to be reached,
which occurs on a picosecond timescale. When, however, pico-, or even femtosecond
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lasers are employed, the pulse duration will be equal to, or smaller than the time required
for complete vibrational relaxation (10−12 s). Electron transfer in such a regime can be
regarded as photoinduced ultrafast electron transfer: a diabatic process where the system
cannot adapt to the rapidly changing conditions [440]. As previously mentioned, a study
employing UV pulses, at 355 nm of equal pulse energy, but with varying pulse duration
over a 170 ps – 1.5 ns range showed no difference in ion yield [454]. Other studies reached
the same conclusion [507, 508]. This, however, might simply be due to the thermal
relaxation, which is still well below 170 ps. Only when reducing the pulse duration even
further would a stress confinement regime, instead of a temperature confinement regime,
become feasible. The transport time for the propagation of a (photoacoustic) stress wave
through the excitation volume can be approximated by [341]:
𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

𝛿𝛿

𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

,

(3.76)

where 𝛿𝛿 is the laser penetration depth and 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 the speed of sound in the material.

3.7.6 Temperature

Estimations of the temperature attained at the ablation site during the MALDI
experiment vary significantly. It is pivotal to know the temperature, or at least the
temperature range, to draw any conclusions on what kind of chemical and physical
processes may occur, such as electron emission and phase changes, and to estimate the
thermal and electrical conductive properties of the target plate material (see Appendix I,
Table I.9.1 and Chapter 5). A similar argument can be made for the local pressure at the
ablation site.
The temperature is bound to be influenced by the system under investigation, as well as
the laser used for ablation and its fluence. Early attempts to measure the temperature gave
values around 500 K [509, 510], however, unimolecular thermal fragmentation
measurements of thermometer molecules showed that temperatures around 1000 K are
more plausible [439, 511, 512]. Other studies and calculations encompass a range of
500−1200 K [421, 458, 511, 513]. Due to the rapid free adiabatic expansion of the desorbed
or ablated material (depending on the fluence), the temperature will drop and it is
therefore difficult to establish the maximum temperature reached during the MALDI
experiment.
With the increased number of computational capabilities this past decade it would make
an interesting subject to attempt a more accurate description of the temperature
developments within the target plate, as well as the deposited sample layer, during the
MALDI experiment. It might be possible to model the influence of changing the target plate
material.
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3.7.7 Collisional cooling and axialization
At pressures around 10−3 mbar, ions can be successfully slowed down by interactions
with the neutral collision gas molecules. These interactions lower their kinetic energy,
where ions of higher mass are affected more [310]. When ions are trapped in a field (inside
a quadrupole ion trap [514-516] or an ICR cell [517-520]), collisional cooling will confine the
ions to the central axis [310]. For quadrupoles this is a means to increase transmission
efficiency, known as collisional focusing [310], and in ICR mass spectrometers this can be
used prior to an excitation event. A collision gas can additionally be used to fragment ions,
which can aid in structure elucidation.
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4

Deposition setup and matrices

"Parts of this chapter are reprinted from the Journal of The American Society of Mass
Spectrometry, Vol. 27, Issue 4, G. P. Zeegers, B. F. Günthardt, R. Zenobi, ‘Target Plate
Material Influence on Fullerene-C60 Laser Desorption/Ionization Efficiency’, Pages 699708, Copyright (April 2016), with permission from Springer."
To improve sample deposition and to prevent the formation of large matrix crystals and
the so-called coffee rings from occurring with the dried-droplet approach, several different
sample deposition strategies have been developed, such as matrix sublimation, membrane
sonication and spray deposition. I have based my deposition system on the latter method.
The deposition setup design, construction and characterization are outlined below.

4.1

Home-built automated deposition system

To ensure reproducible results, a custom-made spray deposition setup was built (see
Figure 4.1). Its components, adjustable parameters and operation procedures are outlined
in the sections below.

4.1.1 Components
Sample solutions were pumped through a commercial electrospray source (Waters AG,
Dättwil, Switzerland; up to 5 bar sheath gas pressure) at flow rates that can be varied
between 2.0 and 50 μL min−1 (recommended flow rates; other values can be set) by a
Harvard apparatus syringe pump (type 22) controlled by LabVIEW-based software. The
distance of the target plate from the spray tip was set to 30 mm in all experiments carried
out in this thesis (again, this parameter can be adjusted), which resulted in a spray surface
with roughly a 5-mm diameter, which was reduced to a 3-mm sample spot ø by means of
Teflon® masks. This, and an automated Thorlabs 3D stage controlled by the APT user
software, enabled the reproducible application of several spots, depending on the chosen
Teflon® mask array (e.g.: a 1 × 10, 2 × 10- or 10 × 10-array) for each substrate inset. Several
inset holders were constructed to accommodate substrates of different dimensions (e.g.:
a 50.0 × 50.0 × 1.0 or a 25.0 × 75.0 × 1.0 mm). Spacers were employed when the substrate
thickness lay below 1.0 mm and the substrate needed to be elevated.

4.1.2 Operation procedure, parameters and deposition strategies

For a general operation procedure, see the standard operation procedure (SOP) in
Appendix III.1. It is important to note that the chosen sample deposition strategy will in
the end depend on the chemical characteristics of the compounds and solvents involved.
The solubility of the analyte, matrix and possible cationizing agents in their solvents of
choice determine whether a sandwich or stacked deposition strategy is required, because
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Figure 4.1: A) 3D drawing of the spray deposition setup with the electrospray source (1),
the 3D stage (2), the three Teflon® masks (3), and the stepper motors (4). B) Grounded and
electrically insulated mold for spray deposition to fit the 1.0 × 50.0 × 50.0-mm target plate
insets. The mold can be replaced by a mold to fit the 1.0 × 25.0 × 75.0-mm insets. The mold
is covered by the first Teflon® mask (transparent) and can be replaced, depending on the
required sample spot geometry. C) Schematic representation of the milled-out MALDI target
plate, fitted with two prespotted 1.0 × 50.0 × 50.0-mm insets secured with copper tape
(orange boxes) and equipped with small reference points (black dots). D) Photo of the spray
deposition setup (1) complete with syringe pump (2), stepper motor controller (3) power
supply (4) and laptop with the APT and syringe pump software (5).
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if the solvents of these solutions are immiscible, proper deposition in one spray deposition
run is impossible. Stacked and sandwich procedures have the clear disadvantage that the
gas pressure applied during the second round can cause part of the deposited material
from previous deposition rounds to become detached from the target plate surface,
resulting in an increased standard deviation in the resulting measurements. Therefore, all
experiments were carried out as far as possible in a single-solvent system. In the case of
cationizing agents, the solubility of the added salts in organic solvents could be increased
by choosing metal salts with relatively large organic anions, such as trifluoroacetate (TFA).
The setup allows for several parameters to be adjusted to improve the deposition quality:
the distance between spray nozzle and target plate, the sheath gas pressure, (for
electrospray) the potential applied on the spray nozzle, the sample solution flow rate and
the kind of sheath gas used (pressurized air, or nitrogen for example).

4.2

Matrices

Each matrix comes with its own characteristic features: electron affinity, gas-phase
basicity, optical absorption, fragmentation pattern, sublimation temperature, etc. Some
matrices engage in proton transfer reactions, while for others, electrons play a more
prominent role. Matrix discovery has mostly been an empirical process [439]. Table 4.1
provides an overview of the matrices, which have been applied for the studies discussed in
subsequent chapters.

4.2.1 Fullerene-C60
Fullerene-C60 is a convenient matrix, because it absorbs well in the UV range, especially
near the 337.1 nm wavelength of the nitrogen laser used in most MALDI-TOF instruments.
Additionally, it has a very rigid structure and is capable of attaching electrons to form a
radical anion, as well as losing one to form a radical cation. Proton attachment, however,
is not readily observed, which makes it a perfect candidate to study cation formation in the
absence of proton transfer. C60’s large symmetrical structure gives rise to a large electron
capture cross section in comparison to the smaller matrices.
When spraying C60 from a xylene solution, this resulted in the formation of dense
nanocrystallite layers, as will be shown in Chapters 6 and 9.

4.2.2 2,5-dihydroxybenzoic acid
DHB has established itself as one of the model compounds in MALDI studies [372] and
has therefore been studied well. MALDI spectra of DHB generally yield the radical
molecular monocation of 254 Da, the dehydroxylated cation of 237 Da and a peak
corresponding to the protonated dimer with the loss of two water molecules of 273 Da
[372]. By comparing 2,4-, 2,5-, 2,6-, 3,4- and 3,5-DHB for several different wavelengths, the
performance of DHB was found to be dependent on the absorbance at the operating
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Table 4.1: Overview of the matrices used, their structure, monoisotopic mass, melting and
boiling points.
Matrix

Structure

Mono-isotopic
mass (Da)

Fullerene-C60 (C60)

720.000

Melting
point; boiling
point (°C)
> 280

2,5-dihydroxybenzoic
acid (DHB)

154.027

200−205

trans-2-[3-(4-tertbutylphenyl)-2methylprop-2enylidene]malononitrile
(DCTB)

250.147

123−126

158.084

185−187

300.209

180−181

9-aminoacridine (9AA)

180.081

238−240

9-cyanoanthracene
(9CA)

178.048

173−177

9-nitroanthracene (9NA)

223.063

141−144

Anthraquinone (AQN)

208.052

282−286;
379−381

Benzo[1,2-b:4,5b’]dithiophene-4,8-dione
(BDTD)

219.965

260−265

NH2

1,5-diaminonaphthalene
(DAN)

All-trans-retinoic acid
(ATRA)

80

NH2

wavelength of the laser. Among these isomers, 2,5-DHB appears to perform the best, at
least when using conventional wavelengths of 337.1 nm and 354.6 nm [373]. Its ionization
energy is reported to lie at 8.05 eV [450].

4.2.3 trans-2-[3-(4-tert-butylphenyl)-2-methylprop-2enylidene]malononitrile

DCTB is a non-protic matrix that works very well at low laser fluences and is suitable for
fullerene [521] and polymer analysis [522], as well as for several other organic compounds
[523] and can be used in combination with CsI3 for calibration purposes [524]. One of its
downsides is its quick sublimation. After about an hour under ultra-high vacuum
conditions, almost all the DCTB sublimes and the thin spray-deposited layers vanish,
making rapid sample measuring after target plate introduction in the mass spectrometer
(operating at a pressure of 10−6−10−7 mbar) mandatory.

4.2.3 1,5-diaminonaphthalene

The ionization energy of DAN was found to be 7.18 eV [525]. In contrast to most other
matrices, DAN hardly forms any M−H+ cations. LDI of DAN results in the formation of radical
cations. Besides the radical cation, coalesced products are formed, which are shown in
Figure 4.2 [526]. It is used to study peptides and oligonucleotides.

Figure 4.2: possible coalesced product cations of DAN: A) C20H16N4 (MM: 312.137 Da); B)
C20H18N4 (MM: 314.153 Da); C) C20H17N3 (MM: 299.142 Da) [526].

4.2.4 All-trans-retinoic acid

All-trans-retinoic acid has been used as a matrix to study phthalocyanine compounds and
helps reducing fragmentation and background noise [527]. It has also been applied in
polymer analysis [528-530].
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4.2.5 9-aminoacridine
9-aminoacridine is routinely used for studying lipids and other metabolites [531, 532]. It
is especially useful to study anions and will abstract protons due to its basic nature [533].

4.2.6 9-cyanoanthracene
9-cyanoanthracene is an apolar matrix that has been successfully used in the MALDIanalysis of high boiling crude oil fractions and has been found to yield only a single
molecular cation upon LDI. It was also found to be unaffected by the solvent choice for
sample preparation, whereas many polar matrices generally are [534].

4.2.7 9-nitroanthracene
9-nitroanthracene has previously been applied as a MALDI matrix in combination with
fullerene derivatives [535, 536] and oligometallocenes [537].

4.2.8 Anthraquinone
9,10-anthraquinone is used as a dyestuff precursor [538]. Interestingly, AQN forms a
honeycomb structure on a Cu(111) surface, which underlines the potential interactions of
matrices with conjugated structures with the surface atoms of the target plates, possibly
facilitating redox reactions [539]. The use of AQN derivatives for hydrogen peroxide
production also hints at its reactivity and its usefulness as a MALDI matrix [540]. Indeed, in
2014, AQN and its derivatives were even patented in China as MALDI matrices [541].

4.2.9 Benzo[1,2-b:4,5-b’]dithiophene-4,8-dione
This compound has a similar morphology as anthraquinone, but has never been used as
a MALDI matrix. I wanted to find out whether this molecule can perform as a MALDI matrix
and how well it would perform in relation to the other chosen matrices. The addition of
two more polarizable sulfur atoms in the conjugated ring structure affect the matrix’s
ability to stabilize the additional negative charge on the formed anion. Hence it was added
to the list of matrices in the study discussed in Chapter 9. BDTD has been earmarked as a
promising moiety for n-type organic semiconductors due to its high electron affinity [542],
a property that could prove equally beneficial for its use as a MALDI matrix.
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5

Substrate material influence

All (MA)LDI measurements require a surface onto which the sample is deposited. This
substrate, known as the target plate, is, according to the mass spectrometer
manufacturers, made from stainless steel. The exact composition, however, is a company
secret and since there are numerous stainless-steel alloys possible (and their surface
properties, depending on their manufacture, can vary), a solid and well-structured study
on the effect of the surface material on ion yield extending beyond stainless steel, to ensure
the data collected on these systems is at all comparable, was more than warranted.
This chapter will introduce the various characteristics and physical parameters potential
(MA)LDI substrate materials have and will provide the reader with the most important
formulas and concepts regarding thermal and electrical conductivity, as well as the
liberation of electrons. Additionally, it will describe electron and proton transfer in more
detail.
The particles involved in the MALDI experiment are, essentially, energy carriers, and the
interactions between them will result in energy redistribution amongst them. Figure 5.1
provides a scheme of molecular potential energy surfaces, including the levels of the
quantized motion of some reaction coordinate, which can be used to represent the various
forms of energy redistribution upon excitation of, in the case of MALDI, the matrix
molecule, or the target plate material [440]. The time between the interaction between
two of these carriers, is called the relaxation time, τ:
𝜏𝜏 =

1

𝑓𝑓

Λ

= ,
𝜐𝜐

(5.1)

where, f is the collision frequency, Λ is the mean free path and 𝜐𝜐 the average velocity of
the charge carrier involved [543].
(MA)LDI experiments involve interactions between fermions (electrons and protons) and
bosons (photons), as well as quasiparticles (phonons). Phonons are collective excitations in
a periodic, elastic arrangement of atoms or molecules. This concept was introduced by Igor
Yevgenyevich Tamm (1895–1971) following his observations in 1930 that atomic vibrations
in a crystal resembled particle-like energetics, which could be explained using the wave–
particle duality from quantum mechanics [544]. Depending on the laser wavelength used
for ablation (UV or IR), the role of phonons will be greater, while IR photons can induce
phonons, because their frequencies overlap with the vibrational frequencies of the solid
structures of the metal target plate and the sample molecules. Table 5.1 summarizes the
characteristics of these energy carriers. The statistics these energy carriers obey depends
on whether they can be classified as fermions (with a half-integer spin, obeying the Pauli
exclusion principle) or bosons (with an integer spin, not obeying the Pauli exclusion
principle) [3].
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Figure 5.1: ‘Scheme of molecular potential energy surfaces, including the levels of the
quantized motion of some reaction coordinate. After optical preparation of an electronically
and vibrationally excited initial state (absorption), different transfer processes can occur. If
the electronic state is not changed, but there is a coupling to some manifold of vibrational
states, intramolecular vibrational energy redistribution (IVR) or vibrational energy
relaxation (VER) can be observed. If there is some coupling to another electronic state,
intramolecular internal conversion (IC) or electron transfer (ET) takes place. At the same
time, one has VER as indicated by the wiggly lines. In addition, the system may return to the
ground state by emitting a photon. Rotational energy levels not shown.’ Reproduced from
[440].
An important question that needs to be addressed in the context of this chapter is the
origin of the negative charge. The formation of anions can be either the result of proton
loss, or electron addition. Whether these electrons in the latter case arise from electron
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transfer among matrix molecules or whether these electrons were emitted by the metal
surface, is a difficult question to answer. If the electrons originate from the target plate
surface, there are several factors that must and several mechanisms that can be
considered.
Table 5.1: Basic characteristics of energy carriers. Reproduced from [543].
Free electrons
Phonons
Photons
Molecules
Source

Freed from nucleic
bonding

Propagation
media
Statistics
Energy carrier
distribution

In vacuum or media

Frequency or
energy range
Velocity (m s−1)

0−∞

Fermi-Dirac
𝑓𝑓(𝐸𝐸) =

~106

1

𝐸𝐸−𝜇𝜇
�
�
𝑒𝑒 𝑘𝑘𝐵𝐵 𝑇𝑇

+1

Lattice
vibration

Electron
and atom
motion
In media
In vacuum
or media
Bose-Einstein
1
𝑓𝑓(𝜈𝜈) = ℎ𝜈𝜈
�
�
𝑒𝑒 𝑘𝑘𝐵𝐵 𝑇𝑇 − 1
Debye
0−∞
cutoff
~103
~108

Atoms
In vacuum or
media
Boltzmann

−𝐸𝐸

𝑓𝑓(𝐸𝐸) = 𝐵𝐵𝑒𝑒 𝑘𝑘𝐵𝐵 𝑇𝑇

0−∞
~102

It is important to realize which kind of bonds are present in the MALDI system and what
strength and energy are associated with them, while ultimately, these bonds are those that
are affected by the incident photons and their associated energy. An overview of the type
of bonds and their characteristics is given in Table 5.2.
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Table 5.2: Overview of bonds of various crystals. Adapted from [2, 3].
Ionic

Covalent

Metallic

Van-der-Waals

Hydrogen

6−20

1−7

1−5

10−2−10−1

10−2−100

Insulators at
low
temperatures,
ionic
conduction at
high
temperatures,
malleable

Insulators,
semiconductors,
brittle, high
melting points

Electrically
conductive,
thermally
conductive,
malleable,
reflectivity
high in IR and
visible range

Insulator, low
melting point,
easily
compressible,
transparent in
far-UV

Alkali metal
halides

Organic
molecules; C;
Si; InSb

Metals, alloys

H2, O2,
molecular
crystals,
polymers

Can be interor intramolecular;
strength
depends on
electronegativity of
the atoms
involved
Inorganic
molecule, e.g.
H2O; organic
molecules

Examples

Characteristics

Bond energy
(eV atom−1)

Bond
type

‘Ionic bonds result when an electron is transferred from one atom to another, resulting in a cation and
an anion that bond together; the covalent bond is a quantum-mechanical effect that arises from the
sharing of one or more electrons by atoms; Van der Waals bonds are weak bonds that result from the
interaction of the instantaneous electric dipole moments of molecules; hydrogen bonds result from
sharing a proton of the hydrogen atom by other atoms; metallic bonds consist of positive lattice ions
held together by a cloud of negative charge comprised of free electrons; the bonding of two nonidentical atoms is often a mixture of covalent and ionic bonding, the relative importance of which can
be assessed from the ratio of the measured electric dipole moment to the ionic electric dipole moment.’
[2, 3]

5.1

Conductors, semiconductors, insulators

Materials are classified based on their electric (resistivity, ρ in Ω m, or its reciprocal value,
the electrical conductivity, σ in S m−1) and thermal (λ in W K−1 m−1) conductive properties
[3]:
•
•
•

Conductor (e.g. metals): 𝜌𝜌 < 10−5 Ω m
Semiconductor: 10−5 Ω m < 𝜌𝜌 < 107 Ω m
Insulator: 𝜌𝜌 > 107 Ω m

To explain the conductive properties of metals, insulators and semiconductors the Band
theory, which was briefly mentioned in Paragraph 2.8, used in solid-state physics, can be
employed (see Figure 5.2). The relative position of the Fermi energy level with regards to
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the material’s valence bands, conduction bands and band gaps determines its conductive
properties.

Figure 5.2: Adapted from [3] and [545]. Schematic representation of the energy bands, band
gaps and Fermi energy levels for: A) metals, B) metalloids, C) insulators and D)
semiconductors.

5.1.1 Band theory and the Fermi level
A band is a group of molecular orbitals (MOs), the energy differences between which are
so small that the system behaves as if a continuous, non-quantized variation of energy
within the band is possible [159].
The Fermi level, or the electrochemical potential of an electron, is a hypothetical energy
level of an electron, which at thermodynamic equilibrium would have a 50% probability of
being occupied at any given time. The valence band is the highest occupied energy band at
absolute zero, whilst the conduction band is the lowest unoccupied energy band at absolute
zero. The electrical conductivity is a result of partially filled bands of MOs, or when an empty
band overlaps with an occupied band; if the relative energies of an occupied and empty
band are well separated, the material is an insulator [159]. The energy level of the highest
occupied orbital in a metal at absolute zero is called the Fermi level. At higher temperatures
the electrons can thermally populate the MOs just above the Fermi level, leaving lower MOs
partially unoccupied. The thermal population 𝑓𝑓 of the different energy states can be
described by the Fermi-Dirac distribution:
𝑓𝑓(𝐸𝐸, 𝑇𝑇) =

1

𝐸𝐸−µ

,

𝑒𝑒 𝑘𝑘𝐵𝐵 𝑇𝑇+1

(5.2)

where 𝐸𝐸 (J) is the electron energy, 𝑇𝑇 (K) is the temperature and 𝑘𝑘𝐵𝐵 (J K−1) is the Boltzmann
constant. The chemical potential, µ, is a function of the temperature and at absolute zero µ
= 𝐸𝐸𝐹𝐹 (J), the Fermi energy.
The Fermi energy 𝐸𝐸𝐹𝐹 at 0 K can be calculated from [543, 545]:
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2

ℎ2 3𝑛𝑛𝑒𝑒 3
𝐸𝐸𝐹𝐹 =
�
� .
2𝑚𝑚 8𝜋𝜋

(5.3)

When (𝐸𝐸 − µ)/𝑘𝑘𝐵𝐵𝑇𝑇 ≫ 1, which is the classical limit, the Boltzmann distribution can be
used to approximate the Fermi-Dirac distribution [543].
2

ℏ2 3𝜋𝜋 2 𝑁𝑁 3
𝐸𝐸𝐹𝐹 =
�
� ,
2𝑚𝑚
𝑉𝑉

(5.4)

which relates the Fermi energy to the free electron density 𝑛𝑛𝑒𝑒 = 𝑁𝑁/𝑉𝑉.
The calculated free electron Fermi surface parameters for some metals at room
temperature are listed in Appendix I, Table I.5.1.

5.1.2 Metal
On a molecular level, metals can be regarded as a cation grid, where one or two valence
electrons of each atom can move freely through the entire crystal and are shared between
these atoms, constituting what can be viewed as an electron gas; the interaction between
the positive grid and the negative electron gas constitutes the metal bond [546]. Conduction
electrons are not deflected by ion cores arranged on a periodic lattice, because matter
waves can propagate freely in a periodic structure and they are only scattered infrequently
by other conduction electrons due to the Pauli exclusion principle; this allows conduction
electrons to be modeled as a free electron Fermi gas [545]. Only the electrons close to the
Fermi level are part of the current flow [543]:
𝜎𝜎 =

𝑛𝑛𝑒𝑒 2
𝑚𝑚

𝜏𝜏𝐹𝐹 ,

(5.5)

where 𝜏𝜏𝐹𝐹 is the Fermi level relaxation time [545].
Metals have enough free electrons and free allowed energy levels to absorb light quanta
well and therefore, metals are opaque [3]. An electron, however, can also lose energy when
it creates a photon of energy corresponding to the energy lost, a process that is equally
likely to happen as photon absorption and, therefore, metals reflect well [3]. For a metal to
absorb and reflect light well, it must be clean and free of adsorbates. An oxide layer will
result in a dielectric behavior.

5.1.2.1 Electrical conductivity and resistivity
The electrical resistivity in most metals arises from collisions of electrons with
irregularities in the lattice, such as phonons, or impurities and vacant lattice sites [545]. The
collision time, or relaxation time τ of electrons during interactions with these lattice
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imperfections and phonons, determines the electric current density j, when a constant
electric field E is applied; this is described by Ohm’s law:
𝐣𝐣 =

𝑛𝑛𝑒𝑒 𝑒𝑒0 2 𝜏𝜏𝐄𝐄
𝑚𝑚𝑒𝑒

,

(5.6)

where 𝑛𝑛𝑒𝑒 is the number of electrons per unit volume.
The electrical conductivity, 𝜎𝜎, depends on the number of free electrons in the conduction
band and is given by:
𝑛𝑛𝑒𝑒 𝑒𝑒0 2 𝜏𝜏

𝐣𝐣

𝜎𝜎 = =
𝐄𝐄

= 𝑛𝑛𝑒𝑒 𝑒𝑒0 𝜇𝜇𝑒𝑒 ,

𝑚𝑚𝑒𝑒

(5.7)

where 𝜇𝜇𝑒𝑒 is the electron mobility in m2 V−1 s−1, which depends on the mean electron
velocity, 𝜐𝜐𝑒𝑒 , and the electric field strength, 𝐸𝐸, and is given by:
𝜇𝜇𝑒𝑒 =

𝜐𝜐𝑒𝑒
𝐸𝐸

.

(5.8)

As previously mentioned, the inverse of the electrical conductivity is the electrical
resistivity:
𝜌𝜌 =

1

𝜎𝜎

=

𝑚𝑚𝑒𝑒

𝑛𝑛𝑒𝑒 𝑒𝑒0 2 𝜏𝜏

=

1

𝑛𝑛𝑒𝑒 𝑒𝑒0 𝜇𝜇𝑒𝑒

.
(5.9)

The relaxation time can be estimated based on the resistivity [547]:
𝜏𝜏 =

𝑚𝑚𝑒𝑒
.
𝜌𝜌𝑛𝑛𝑒𝑒 𝑒𝑒0 2

(5.10)

The resistance (in Ω) of a wire depends on the material’s resistivity, the wire length and
its cross sectional area and is given by:
𝑅𝑅 =

𝜌𝜌 𝑙𝑙
𝐴𝐴

.
(5.11)

The resistivity (in Ω m), and hence its electrical conductivity, are temperature- (and
pressure-) dependent: for a metal an increase in temperature will result in an increase in
resistivity and hence in a decrease in conductivity. For a semiconductor, such as germanium,
this trend is reversed [159]. This dependence is especially important for the MALDI
experiment. Metals have a positive temperature coefficient, α, which means that their
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resistance increases upon irradiation, making them less likely to conduct upon a rapid
temperature change. The (non-linear) temperature dependence of the resistivity is given by
[3]:
𝜌𝜌(𝑇𝑇) = 𝜌𝜌0 (1 + ∑𝑖𝑖 𝛼𝛼(∆𝑇𝑇)𝑖𝑖 ),

(5.12)

where 𝜌𝜌 and 𝜌𝜌0 are the resistivities at the temperatures T0 and T, respectively and 𝛼𝛼 is a
temperature coefficient. A similar expression exists for the pressure dependence.

5.1.2.2 Electronic thermal conductivity in metals
In metals, the electron gas contributes most to the heat transport. Even though the heat
capacity of the metal’s phonon system is much higher than the electron gas’s heat capacity,
heat transport can mostly be ascribed to the electron gas, because the electron mean free
path exceeds the phonon mean free path and the mean electron velocity is much higher
compared to the speed of sound within the metal [3].
The electron contribution to the thermal conductivity in metals, the electronic thermal
conductivity 𝜆𝜆𝑒𝑒 (W m−1 K−1), is given by:
1

𝜆𝜆𝑒𝑒 = 𝜐𝜐�𝑒𝑒 Λ𝑒𝑒 𝐶𝐶𝑒𝑒 𝜌𝜌𝑒𝑒 ,
3

(5.13)

where 𝜐𝜐𝑒𝑒 is the mean electron velocity (m s−1), Λ𝑒𝑒 is the mean free electron path (the
average path length between two collisions of a particle, in this case an electron, in m), 𝐶𝐶𝑒𝑒
is the heat capacity of the electron gas (J K−1) and 𝜌𝜌𝑒𝑒 is the electron gas density (m−3) [3].
Alternatively, this relationship between the electronic contribution of the thermal
conductivity (𝜆𝜆𝑒𝑒 ) and the electrical conductivity (σ) of a metal, which is a ratio proportional
to the temperature (T), can be described by the Wiedemann-Franz law, named after Gustav
Heinrich Wiedemann (1826–1899) and Rudolph Franz (1827–1902) who developed it in
1853 [548]:
𝜆𝜆𝑒𝑒 =

𝜋𝜋2 𝑘𝑘𝐵𝐵 2
3

� � 𝑇𝑇𝑇𝑇,
𝑒𝑒

(5.14)

giving the Lorentz number L:
𝐿𝐿 =

90

𝜆𝜆𝑒𝑒 𝜋𝜋 2 𝑘𝑘𝐵𝐵 2
=
� � = 2.45 × 10−8 W Ω K −2 .
𝜎𝜎𝜎𝜎
3 𝑒𝑒

(5.15)

Most metals obey this law, but for semi-conductors the Lorentz number must be calculated
since the relation between 𝑛𝑛 and the Fermi level is doping-dependent, though its value
remains similar [543].
𝐸𝐸
Depending on the temperature, electrons will obey Fermi-Dirac statistics (𝑇𝑇 ≪ 𝐹𝐹 ), or
Maxwell-Boltzmann statistics (𝑇𝑇 ≫

𝐸𝐸𝐹𝐹

𝑘𝑘𝐵𝐵

𝑘𝑘𝐵𝐵

).

For a Maxwell-Boltzmann distribution, the mean direction-independent velocity of the
electrons comprising the hypothesized electron gas is given by [3]:
8𝑘𝑘𝐵𝐵 𝑇𝑇
𝜐𝜐�𝑒𝑒 = �
𝜋𝜋𝑚𝑚𝑒𝑒

(5.16)

The velocity distribution is therefore temperature-dependent.
The mean free electron path can be estimated by the electron velocity at the Fermi level
divided by the relaxation time, though a degree of inelastic scattering should be taken into
account [543]:
Λ𝑒𝑒 = 𝜐𝜐𝐹𝐹 𝜏𝜏

(5.17)

The heat capacity of an electron gas is linearly dependent on the temperature and is given
by [3, 543]:
𝑇𝑇

1

𝐶𝐶𝑒𝑒 = 𝜋𝜋 2 𝑛𝑛𝑒𝑒 𝑘𝑘𝐵𝐵 ,
𝑇𝑇𝐹𝐹

2

(5.18)

where 𝑇𝑇𝐹𝐹 is the Fermi-temperature given by (see Appendix I, Table I.5.1 for metal-specific
𝑟𝑟
values of 𝑠𝑠 ):
𝑎𝑎0

𝑇𝑇𝐹𝐹 =

𝐸𝐸𝐹𝐹
58.2
=
× 104 K
𝑟𝑟 2
𝑘𝑘𝐵𝐵
� 𝑠𝑠 �
𝑎𝑎0

(5.19)

and 𝑛𝑛𝑒𝑒 is the number of electrons per unit volume at T = 0 K:
𝑛𝑛𝑒𝑒 =

2𝐸𝐸𝐹𝐹 𝐷𝐷(𝐸𝐸𝐹𝐹 )
3

,

(5.20)

where D is the density of states (the number of states per unit volume and per unit energy
interval) [545].
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The density of states in turn is the product of the density of states in the ground state [3]:
𝐷𝐷0 (𝐸𝐸) =

1 2𝑚𝑚𝑒𝑒 3/2
�
� �𝐸𝐸𝑒𝑒 ,
2𝜋𝜋 2 ℏ2

(5.21)

where the average energy of the conduction electrons in the ground state is given by [547]:
𝐸𝐸𝑒𝑒 =

3 ℏ2 𝑘𝑘𝐹𝐹 2

10 2𝑚𝑚𝑒𝑒

3

3

= 𝑘𝑘𝐵𝐵 𝑇𝑇𝐹𝐹 = 𝐸𝐸𝐹𝐹
5

5

(5.22)

and the Fermi-Dirac distribution:
𝑓𝑓(𝐸𝐸, 𝑇𝑇) =
resulting in:

1

𝐸𝐸𝑒𝑒 −𝐸𝐸𝐹𝐹
+1
𝑒𝑒 𝑘𝑘𝐵𝐵 𝑇𝑇

𝐷𝐷(𝐸𝐸, 𝑇𝑇) = 𝑓𝑓(𝐸𝐸, 𝑇𝑇)𝐷𝐷0 (𝐸𝐸) =

1 2𝑚𝑚𝑒𝑒 3/2
�
�
2𝜋𝜋 2 ℏ2

(5.23)

�𝐸𝐸𝑒𝑒
𝐸𝐸𝑒𝑒 −𝐸𝐸𝐹𝐹 .
+1
𝑒𝑒 𝑘𝑘𝐵𝐵 𝑇𝑇

(5.24)

By elevating the temperature from 0 to T, electrons are removed from the area below the
Fermi energy through thermal excitation, which in solids can occur through the interactions
with phonons [3, 543].
Finally, the electron gas density is proportional to the number of electrons per volume ne,
or 𝑁𝑁/𝑉𝑉 [547]:
𝜌𝜌𝑒𝑒 ∝ 𝑛𝑛𝑒𝑒 =

𝑁𝑁
3
=
,
𝑉𝑉 4𝜋𝜋𝑟𝑟𝑠𝑠 3

(5.25)

where rs defines the metal-dependent radius of the free electron sphere (see Appendix,
Table I.5.1):
1

3 3
𝑟𝑟𝑠𝑠 = �
� .
4𝜋𝜋𝑛𝑛𝑒𝑒
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(5.26)

5.1.2.3 Work function
The work function φ of the uniform surface of a metal is defined as the difference in
potential energy of an electron between the vacuum level and the Fermi level [545]. The
electron should be sufficiently far away from the surface (more than 100 Å) to ignore the
electrostatic image force on the electron (see Figure 5.4) [545]. The work function is equal
to the threshold energy for photoelectric emission at absolute zero; the photon energy
(ℎ𝜈𝜈) exceeding the work function will be converted in kinetic energy [545]:
ℎ𝜈𝜈 = 𝜑𝜑 + 𝐸𝐸𝑘𝑘 .

(5.27)

There are several methods, based on the various forms of electron emission, to determine
the work function of a metal or an alloy [549]:
•
•
•
•
•

Thermionic method
Photoelectric method
Field emission
Contact potential difference: e.g. Kelvin probe method [550]
Surface ionization

Predicting the work function of alloys remains difficult, though attempts based on the
charge redistribution between the elements forming the alloy lattice have been made;
however, these did not take any composition difference at the alloy surface into account
[551].
Measuring the work function accurately is hindered by the presence of oxide layers or
adsorbing contaminants [549]. And finally, another complicating factor is the fact that the
work function is temperature-dependent. This is thought to be due to thermal expansion of
the metal, which leads to a decrease of the kinetic energy of the free electrons and might
decrease the barrier height at the metal surface [552, 553]. Work function variations with
temperature may be due to thermal expansion of the lattice, the influence of atomic
vibrations on the internal electrostatic potential and chemical potential, the influence on
electronic specific heat and variations in the surface double-layer moment [552, 554].

5.1.2.4 Thermionic emission in metals
The rate of thermionic electron emission in metals depends exponentially on the work
function [545] and is given by the Richardson equation:
𝐽𝐽 = 𝐴𝐴𝑅𝑅 𝑇𝑇 2 𝑒𝑒

𝜑𝜑
𝑘𝑘𝐵𝐵 𝑇𝑇

−

,

(5.28)

where J (A m−2) constitutes the emission current density, AR the Richardson constant (A
m−2 K−2), φ the work function, kB the Boltzmann constant and T the temperature (K) [3].
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Note that the current increases with temperature exponentially. The Richardson constant
needs to be adjusted by a material-specific correction factor 𝜆𝜆𝑅𝑅 :
𝐴𝐴𝑅𝑅 = 𝜆𝜆𝑅𝑅 𝐴𝐴0 ,

where 𝐴𝐴0 is a constant given by:
𝐴𝐴0 =

4𝜋𝜋𝑚𝑚𝑒𝑒 𝑒𝑒0 𝑘𝑘𝐵𝐵 2
ℎ3

= 1.20173 × 106 A m−2 K −2 ,

(5.29)

(5.30)

where me is the mass of the electron, 𝑒𝑒0 is the elementary charge, kB the Boltzmann
constant and h is the Plank constant.
Additional factors, such as electron reflection by the emitter surface and the bandstructure of the emitting surface should also be considered, introducing two additional
correction factors to the Richardson constant:
𝐴𝐴𝑅𝑅 = 𝜆𝜆𝑅𝑅 (1 − 𝑟𝑟𝑎𝑎𝑎𝑎 )𝐴𝐴0

(5.31)

Depending on the laser pulse duration (exceeding or below 1 ps), the thermal conductivity
will play a bigger or a smaller role. If the laser pulse duration is sufficiently large to allow
time for heat dissipation to occur, the substrate material’s heat conductivity will determine
how quickly the ablation threshold will be reached upon laser irradiation. A metal with a
higher thermal conductivity is less likely to allow ablation of the material deposited on top
of it, than a metal with a low thermal conductivity. Since the time-scale for vibrational
energy relaxation is often shorter than the employed laser pulse length, the thermal
conductivity is bound to play a minor role in conventional MALDI experiments.

5.1.2.5 Photoemission in metals
The photoemission, the liberation of electrons through light quanta of sufficient energy,
in metals is given by the Einstein equation:
𝐸𝐸𝑘𝑘,𝑚𝑚𝑚𝑚𝑚𝑚 = ℎ𝜈𝜈 − 𝜑𝜑,

(5.32)

where Ek,max constitutes the maximum kinetic energy (J) the emitted electrons will possess,
h is the Planck constant (Js), 𝜈𝜈 is the photon frequency (Hz) and φ is the work function (J)
of the metal substrate (see Figure 5.3) [3]. Some emitted electrons will have a lower kinetic
energy due to travelling through the metal. Photons with a wavelength greater than the
threshold wavelength corresponding to the work function of the metal will not be able to
eject an electron from it. The threshold frequency 𝑓𝑓0 below which the photoelectron no
longer occurs is given by:
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𝜑𝜑
𝑓𝑓0 = .
ℎ

(5.33)

Figure 5.3: Photoelectric effect and the frequency-dependence of the maximum kinetic
energy of the emitted photoelectrons; adapted from [3, 210]. A) The photon energy is
insufficient to overcome the work function and drive an electron out of the metal. B) The
photon energy suffices to eject an electron out of the metal and the excess energy is carried
away as the photoelectron’s kinetic energy.

5.1.2.6 Field emission
Field emission is the emission of electrons induced by a strong electric field (>109 V m−1),
for example from charged sharp needle-like structures into vacuum [3]. Field emission from
bulk metals was first proposed by Sir Ralph Howard Fowler (1889−1944) and Lothar
Wolfgang Nordheim (1899−1985) [127]. The electron tunneling was explained with FermiDirac statistics and supported the electron band theory. It is used in electron microscopy
[3], but perhaps it would be possible to apply this for MALDI by modifying the target plate
structure and by increasing the field strength.

5.1.2.7 Field-enhanced thermionic emission
Another important effect one should consider when doing (MA)LDI is the Schottky effect,
also known as image force lowering or field enhanced thermionic emission [555].
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When an electron is liberated, it creates a positive image charge. This positive charge
attracts the liberated electron, located at distance x from the surface, known as the image
force. This force is given by:
𝐹𝐹 =

−𝑒𝑒0 2
.
16𝜋𝜋𝜀𝜀0 𝑥𝑥 2

(5.34)

An escaping Fermi-level electron must overcome an energy difference equal to the work
function φ: basically, the work required to overcome the image force. By applying a
homogeneous electric field E, this energy difference is lowered by Δφ, resulting in a reduced
effective work function, φeff, and which will lead to an increased emission current (see
Figure 5.4). Taking the Richardson equation and subtracting Δφ from the work function
gives:
𝐽𝐽 = 𝐴𝐴𝑅𝑅 𝑇𝑇 2 𝑒𝑒

𝜑𝜑𝑒𝑒𝑒𝑒𝑒𝑒
𝑘𝑘𝐵𝐵 𝑇𝑇

−

,

(5.35)

with
𝜑𝜑𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜑𝜑 − ∆𝜑𝜑

(5.36)

and
∆𝜑𝜑 = �

𝑒𝑒0 3 𝐸𝐸
.
4𝜋𝜋𝜀𝜀0

(5.37)

For an electric potential of 1.5 kV applied over 2.5 mm, for example, which are a typical
extraction potential and distance between a target plate and the extractor plate,
respectively, in a time-of-flight instrument, this would result in a work function decrease of:
(1500/0.0025)×𝑒𝑒0 3

∆𝜑𝜑 = �

4𝜋𝜋𝜀𝜀0

=2.94 × 10−2 eV.

(5.38)

This is still a marginal number, but if the applied potential were 103 times higher, or the
distance between the target plate and the extractor plate would be 103 times smaller, this
would reduce the work function by 0.93 eV.
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Figure 5.4: Energy-band diagram between a metal surface and a vacuum. The work function
𝜑𝜑 is lowered by ∆𝜑𝜑 when an electric field E is applied to the surface due to the combined
effects of the field and the image force. Adapted from [555].
It is important to note that with an increasing electric field strength the image force is
diminished. Therefore, ∆𝜑𝜑 increases and the location where the image force is maximal,
𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚 , decreases:
𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚 = �

𝑒𝑒0

16𝜋𝜋𝜀𝜀0 𝐸𝐸

.

(5.39)

5.1.2 Insulators
Insulators have been used as MALDI target plate materials [506, 556], e.g. in the form of
Scotch tape stuck to a stainless-steel target. Cation yield increases were reported and
ascribed to the absence of photoelectrons emitted from the target plate, leading to less
neutralization. However, if the insulating layer is thick and covers a large area, this will
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disturb the homogeneous application of the electric extraction potential and may therefore
hamper the ion transport towards the detector due to ion deflection and subsequently lead
to an ion yield decrease.
In contrast to metals, thermal conductivity is governed by phonons, but is otherwise
equivalent. The phonon contribution to the thermal conductivity, the phonon thermal
conductivity 𝜆𝜆𝑝𝑝ℎ (W m−1 K−1) in metals is given by:
1

𝜆𝜆𝑝𝑝ℎ = 𝜐𝜐𝑝𝑝ℎ Λ𝑝𝑝ℎ 𝐶𝐶𝑝𝑝ℎ 𝜌𝜌𝑝𝑝ℎ ,
3

(5.40)

where 𝜐𝜐𝑝𝑝ℎ is the mean phonon velocity (m s−1), Λ𝑝𝑝ℎ is the mean free electron path (the
average path length between two phonon collisions, in m), 𝐶𝐶𝑝𝑝ℎ is the heat capacity of the
phonon gas (J K−1) and 𝜌𝜌𝑝𝑝ℎ is the phonon gas density (m−3) [3]. Phonons propagate through
the insulator with the speed of sound. In solids, the speed of sound depends on the solid’s
density and elastic modulus:
𝐸𝐸(1 − 𝜈𝜈)
𝑐𝑐 = �
,
𝜌𝜌(1 + 𝜈𝜈)(1 − 2𝜈𝜈)

(5.41)

where 𝐸𝐸 is the elastic modulus and ν is Poisson’s ratio, which is the ratio between the
transverse expansion and the axial compression.
Compared to the electron gas in metals, the conduction is slower due to the increased
collision frequency and the encounter of impurities, causing directional changes [3].

5.1.3 Semiconductors
In solid-state physics the electron affinity χ for semiconductors is defined as the energy
needed to eject one electron from the conduction band edge of a semiconductor to the
vacuum:
𝜒𝜒 = 𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 − 𝐸𝐸𝐶𝐶 .

(5.42)

This should not be confused with the energy required to remove an electron from a singly
charged anion.

5.1.3.1 Intrinsic semiconductors; i-type
An intrinsic semiconductor (group IV elements), also referred to as i-type semiconductor,
is a semiconductor without dopants. The number of electrons in the conduction band is
equal to the number holes in the valence band [3]:
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𝑛𝑛 = 𝑝𝑝.

(5.43)

5.1.3.2 Extrinsic semiconductors: n- and p-type
In an n-type semiconductor, a dopant, an impurity atom that increases the electron
concentration (group V elements), supplies additional electrons, increasing its conductivity.
In a p-type semiconductor the addition of a dopant (group III elements) results in additional
holes, which also leads to an increased conductivity. By joining p- and n-type
semiconductor, a non-conductive p-n-junction is formed. The ability to manipulate this
junction by applying a potential over this junction, enabling electron tunneling, gives rise to
many semiconductor-based electronic components, such as diodes and transistors.

5.1.3.3 Electrical conductivity in semiconductors
Conduction in semiconductors arises from the thermal excitation electrons or is achieved
through photon-induced excitation of electrons from the valence band in the conduction
band. The current flowing in a semiconductor occurs both through electron and hole
conduction. The conductivity 𝜎𝜎 is given by:
𝜎𝜎 = 𝑒𝑒0 �𝜇𝜇𝑛𝑛 𝑛𝑛 + 𝜇𝜇𝑝𝑝 𝑝𝑝�,

(5.44)

where 𝜇𝜇𝑛𝑛 and 𝜇𝜇𝑝𝑝 are the mobility of the electrons and holes, respectively, and n and p are
the electron and hole densities, respectively.
The electron density 𝑛𝑛𝑒𝑒 in the conduction band is given by:
𝑛𝑛𝑒𝑒 = 𝑛𝑛𝐶𝐶 𝑒𝑒

−

𝐸𝐸𝐶𝐶 −𝐸𝐸𝐹𝐹
𝑘𝑘𝐵𝐵 𝑇𝑇

,

(5.45)

where 𝑛𝑛𝐶𝐶 is the effective electron density in the conduction band, and 𝐸𝐸𝐶𝐶 is the lower side
of the conduction band [3].
The hole density 𝑛𝑛ℎ in the valence band is given by:
𝑛𝑛ℎ = 𝑛𝑛𝑉𝑉 𝑒𝑒

−

𝐸𝐸𝑉𝑉 −𝐸𝐸𝐹𝐹
𝑘𝑘𝐵𝐵 𝑇𝑇

,

(5.46)

where 𝑛𝑛𝑉𝑉 is the effective hole density in the conduction band, and 𝐸𝐸𝑉𝑉 is the upper side of
the conduction band [3].
For intrinsic semiconductors, the charge carrier density 𝑛𝑛𝑖𝑖 is given by:
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𝑛𝑛𝑖𝑖 = �𝑛𝑛𝐶𝐶 𝑛𝑛𝑉𝑉 × 𝑒𝑒

𝐸𝐸𝐺𝐺
2𝑘𝑘𝐵𝐵 𝑇𝑇

−

,

(5.47)

where EG is the energy gap [3].

5.1.3.4 Laser-activated electron tunneling
Recently, measurements on zinc oxide and titanium oxide nanoparticles related the
occurrence of laser-activated electron tunneling (LAET) to the electron mobility and the
strength of the electric field in a MALDI experiment [557]. LAET can only be observed in
negative mode, because the electrons will move in the direction of the positively charged
target plate in positive mode. The authors describe electron-induced reactions on the
surface of metal oxide nanoparticles as generation of electron–hole pairs on the surface of
the metal oxide nanoparticles deposited on a sample plate, whereby irradiation of UV laser
pulses provides energy for the excitation and migration of electrons, leaving behind the
holes. Electrons subsequently tunnel away from the nanoparticle surface, whereby the
strength of the electric field determines the tunneling probability. The capture of tunneling
electrons by charge deficient atoms present in neutral molecules leads to the formation of
odd-electron radical anions, which leads to cleavages of chemical bonds directed by highly
active unpaired electrons. The anionic species formed can subsequently be transported and
detected.

5.1.3.5 Photon-enhanced thermionic emission
A new technique for electron emission, called photon-enhanced thermionic emission, was
recently reported that employs a GaN semiconductor, combining the two normally used
methods for solar energy conversion: electron excitation through photon absorption
(quantum approach) and indirect electron excitation due to heat production by solar
radiation focusing (thermal approach) [558]. The suggested mechanism relies on
photoexcitation to increase the conduction-band population, leading to larger thermionic
currents and enabling the semiconductor to harvest both photon and heat energy [558].

5.2

Surface properties

5.2.1 Surface roughness and material hardness
It has been found that in MALDI, the matrix crystal size determines the rate of
vaporization, with small crystals being completely vaporized and larger crystals being
vaporized layer by layer [559].
The ion yield correlates with matrix crystal structure [560] and therefore the crystal size
needs to be managed for reproducible results. Sample deposition techniques have been
described in Paragraph 3.1. Crystal size and structure will ultimately depend on the target
plate material’s surface structure as well.
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The surface roughness will determine the number of nucleation points for crystal growth.
A coarse target plate yields bigger crystals, which, upon ablation lead to better results, and
hence, polished target plates are in general less effective to obtain high ion yields.
The surface roughness is a result of its hardness: its resistance to localized plastic
deformation induced by either mechanical indentation or abrasion, which can be defined
by several standardized measuring techniques, giving rise to Vickers, Rockwell and Brinell
hardness values [3].

5.2.2 Index of refraction, reflection and refraction
A material’s index of refraction, characterizes light propagation through it, as compared
to vacuum and is given by the ratio of the speed of light in vacuum and in the material [3]:
𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =

𝑐𝑐𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

.
(5.48)

Snell’s law, named after Willebrord van Roijen Snell (1580–1626) determines the
relationship between the angle of incidence (α) and refraction (α’), which in the case of
MALDI in vacuum, is given by [3]:
sin 𝛼𝛼

sin 𝛼𝛼′

=

𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑐𝑐

=

1

𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

.
(5.49)

For MALDI, the angle of total reflection is given by:
𝛼𝛼 = sin−1 𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(5.50)

Fresnel’s laws can be used to determine how much of the incident light is reflected and
how much is refracted. The reflectance of parallel, 𝑅𝑅∥ , and normal, 𝑅𝑅⊥ , incident light are
given by:
tan2 (𝛼𝛼−𝛼𝛼′)

,

𝑅𝑅∥ =

tan2 (𝛼𝛼+𝛼𝛼′)

𝑅𝑅⊥ =

sin2 (𝛼𝛼+𝛼𝛼′)

(5.51)

and
sin2 (𝛼𝛼−𝛼𝛼′)

,
(5.52)

respectively [3]. The refraction, 𝑇𝑇, is then given by:
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𝑇𝑇∥ = 1 − 𝑅𝑅∥

(5.53)

𝑇𝑇⊥ = 1 − 𝑅𝑅⊥ .

(5.54)

and

The laser’s angle of incidence on the surface will determine how much light is reflected,
as well as the penetration depth into the target plate material. The surface roughness will
certainly affect this parameter. Any reflected light passes through most of the sample layer
twice, which might be beneficial for additional excitation. In some studies post-ionization
was induced by applying a second laser positioned orthogonally to the ablation plume to
increase the ion yield and to reduce clusters [561].
In MALDI, nanosecond laser pulse durations are similar to the heat transport time
constants, which in a one-dimensional picture can be estimated by [341]:
𝜏𝜏𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =

𝜌𝜌𝑐𝑐𝑝𝑝 2
𝛿𝛿 ,
4𝜆𝜆

(5.55)

where 𝛿𝛿 is the laser penetration depth into the sample.
It should be noted, however, that the refractive index of a material is also, phase-,
wavelength and temperature-dependent. In case of a phase change of the target plate
material, the optical properties will therefore be affected.
The influence of the angle of incidence has been studied for MALDI for relatively thick
dried-droplet-deposited sample layers, varying the angle between 35−60° normal to the
target plate surface and was found to have no effect on the ion yields [562].

5.2.3 Surface-assisted/enhanced

or

material-enhanced

laser

desorption/ionization
In surface-assisted laser desorption/ionization (SALDI), or matrix-free material-enhanced
laser desorption/ionization, the absorbing qualities of the matrix are replaced by a lightabsorbing surface, where surface morphology plays an important role [563]. This
development started with the introduction of graphene as a surface [564, 565] and has since
moved in the direction of nanomaterials, such as nanotubes and metal or semiconductor
nanoparticles, or nanostructured surfaces, such as porous silica (desorption/ionization on
silicon (DIOS)) [566-569]. Its main applications are like those of MALDI: studying proteins
and their complexes [568, 570]. The clear advantage of SALDI is the absence of matrixrelated signals, resulting in cleaner spectra [568], but the low cost-effectiveness of such
sophisticated target plates for routine analysis, is, however, bound to affect their
widespread application.
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SALDI should not be confused with surface-enhanced laser desorption/ionization (SELDI),
where metal complexes on a silica gel surface selectively adsorb the species of interest
[571].

5.2.4 Adsorption
The orientation of the exposed crystal face of the metal MALDI target plate affects the
work function, since the concentration of surface positive ion cores determines the strength
of the electric double layer at the surface [545]. This double layer arises from the
asymmetrical environment seen by the surface ions: a well-structured substrate lattice on
one side and vacuum or adsorbates on the other. Physisorption and chemisorption will
affect the properties of the substrate surface, most notably the work function. Whether the
work function is increased or decreased will depend on the adsorbate’s polarization [549].

5.3

Electron transfer

Electron transfer can be characterized as spontaneous charge redistribution between an
initially prepared reactant state and a well-defined product state, where the reaction
barriers, which the moving electron experiences, are penetrated via a quantum mechanical
effect called tunneling, which is due to the wave-like nature of the electron [440]. Even
though whole electronic wave functions change upon electron transfer, in many reactions
the change of electronic charge density corresponds to the change induced by one electron,
which enables us to view electron transfer to be the result of the transition of one electron
from an initial molecular orbital (MO), in the donor state, to the MO of the final state, the
acceptor state [440]. The excitation of the donor state, as previously discussed, can be the
result of excitation energy transfer (exciton transfer) or may occur through optical
absorption (photoinduced excitation), causing an electron to move to the lowest
unoccupied molecular orbital (LUMO) [440]. Another pathway is the hole transfer, where
an unexcited electron moves from the highest occupied molecular orbital (HOMO) of the
acceptor to the donor HOMO [440].
If electron transfer between donor and acceptor occurs directly even though they are not
directly connected, but some bridging units are involved, a distinction can be made between
through-space transfer (possible up to 20 Å distance between donor and acceptor,
determined by the wave function overlap), and through-bond transfer (when some LUMOs
of the bridging units are involved), e.g. conducting polymers, also known as bridge-assisted
electron transfer [440]. Vibrational levels can play an important role here.
In the case of (MA)LDI, electron transfer can occur between excited analyte and matrix
molecules via through-space and through-bond transfer, but alternatively heterogeneous
electron transfer [440] between an analyte or matrix molecule and a solid-state system such
as the (metal of semiconductor) substrate surface could occur, as shown in Figure 5.5.
Electron transfer from the metal into the molecule yields a molecular anion, whereas the
opposite will result in cation formation.
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Depending on the polarity of the charge transfer, the substrate has a continuum of donor
or acceptor levels, which distinguishes heterogeneous electron transfer from electron
transfer [440].

Figure 5.5: Adapted from [440]. Possible heterogeneous electron transfer reactions between
a molecule, shown as a HOMO-LUMO schem,e and a metal (A-C) or a semiconductor (D).
The metal shows a band filled with electrons up to the Fermi level, EF; the semiconductor’s
valence band is also completely occupied with electrons (dark grey). A) ELUMO < EF: charge
injection proceeds from the Fermi sea to the LUMO level; B) ELUMO > EF, but EHOMO < EF:
charge injection into the empty band state above the Fermi edge (light grey) becomes
possible after photoexcitation of an electron from the HOMO to the LUMO; C) EHOMO > EF:
an electron can be transferred from the LUMO in and empty band state; D) EC < EHOMO < EV
and ELUMO > EC, photoexcitation to the LUMO is required for heterogeneous electron transfer
on a semiconductive substrate, which lies at the basis of the photovoltaic cell principle used
to harvest solar energy.

5.4

Proton transfer

Besides the previously discussed electron transfer, another mode of charge transfer is
possible: proton transfer. In many respects the two are alike, since both are quantum
particles, but a proton is ~1836-fold heavier than an electron [572] and therefore its wave
function will be much more localized in space [440].
One can represent PT by looking at the donor-acceptor hydrogen bond (see Figure 3.2).
By expressing the reaction coordinate, for example, s (= 𝑑𝑑𝑑𝑑𝑑𝑑 − 𝐷𝐷𝐷𝐷𝐷𝐷), as a function of
potential energy (see Figure 5.6), the influence of the hydrogen bond strength on the
reactions energy barrier can be visualized.
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Figure 5.6: Potential energy profile along a proton transfer reaction coordinate, for example
s in Figure 3.2, depending on the donor-acceptor distance. Compounds characterized by a
large distance form weak hydrogen bonds, while those with strong hydrogen bonds involve
small donor-acceptor distances. The strength of the hydrogen bond and the shape of the
potential depend on the donor and acceptor entities. The symmetric situation here may
correspond to the case where 𝑋𝑋 = 𝑌𝑌. Adapted from [440].
The likelihood of observing PT depends not only on the strength of the hydrogen bonds
between the donor and the acceptor, but also on the environment of the hydrogen bond,
such as the presence of a solvent [440]. This makes the addition of cationizing agents
interesting, since cations are bound to influence the chemical environment. Depending on
the strength of the hydrogen bond, different models describe the PT better: adiabatic PT
for strong hydrogen bonds (see Figure 5.7 for a schematic view of the potential energy curve
for a PT reaction in the adiabatic regime for a strong hydrogen bond complex), and
nonadiabatic PT for weak hydrogen bonds [440]. The adiabatic nature of the plume
generation during the ablation event might therefore be more likely to induce PT for strong
hydrogen bond complexes, rather than for those that are weak. This reasoning would
support the models based on preformed complexes. Additional coordination with the metal
target plate atoms, with the metal center acting as a catalyst, might reduce the energy
barrier of the reaction.
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Figure 5.7: Schematic view of the potential energy curve for proton transfer in the adiabatic
regime. The proton wave function adjusts instantaneously to the actual configuration of its
environment. The product (P), transition state (T) and reactant (R) configuration are
indicated. The proton is always in its lowest eigenstate. Adapted from [440].
If we consider the reactants to be acids and bases, then the reaction will depend on their
thermodynamic quantities: the gas-phase basicity (GB; the negative of the Gibbs energy
change for the reaction between a proton and a neutral or anionic gas-phase molecule or
atom) or proton affinity (PA; the negative of the enthalpy change for the aforementioned
reaction). The gas-phase reaction of a basic molecule B with a proton can be described by:
𝐵𝐵 + 𝐻𝐻 + → 𝐵𝐵𝐻𝐻 + ,

(5.56)

where the tendency of B to accept a proton is quantitatively described by [310, 573, 574]:
−∆𝐺𝐺 0 = 𝐺𝐺𝐺𝐺 and −∆𝐻𝐻 0 = 𝑃𝑃𝑃𝑃.

(5.57)

As defined by Johannes Nicolaus Brønsted (1879–1947) in 1923 [575], the negative free
energy change for the proton transfer reaction equals the gas-phase basicity, and the
negative enthalpy change equals the proton affinity, which means that the relation:
∆𝐺𝐺 0 = ∆𝐻𝐻 0 − 𝑇𝑇∆𝑆𝑆 0
can be expressed as:
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(5.58)

𝑃𝑃𝑃𝑃 = 𝐺𝐺𝐺𝐺 − 𝑇𝑇∆𝑆𝑆 0 ,

(5.59)

with the entropy term usually being relatively small (0.26−0.42 eV) [310]. This relationship
can be used to quantitively describe the secondary PT reactions in MALDI and is therefore
not relevant to the formation of primary ions. It might, however, become relevant when
considering the target plate as a catalyst reducing the reaction’s energy barrier. This might
be the case when the metal is capable of transiently binding the proton involved in the
reaction, and thereby stabilizing the proton transfer transition state.
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6

Fullerene-C60 LDI study on target plate

material influence on ionization efficiency
"Parts of this chapter are reprinted from the Journal of The American Society of Mass
Spectrometry, Vol. 27, Issue 4, G. P. Zeegers, B. F. Günthardt, R. Zenobi, ‘Target Plate
Material Influence on Fullerene-C60 Laser Desorption/Ionization Efficiency’, Pages 699708, Copyright (April 2016), with permission from Springer."

6.1

Introduction

The work described in this chapter focuses on the initial charge generation step and
systematically investigates the charge separation efficiency in relation to the target plate
material’s conductive properties by stepwise varying both the laser fluence and the
extraction delay time for positive and negative polarity.
The extraction delay time was originally developed to gain a higher resolution [477, 478],
as discussed in Section 3.5.1, since it compensates for the kinetic energy distribution among
the species present in the MALDI plume, generated by the laser pulse. Here, however, the
extraction delay was employed to extract all ion species present in the plume after a certain
time to verify their presence during the various plume development stages. If neutralization
rates are sufficiently low, any delayed ionization processes within the investigated time
interval should thus become apparent.
Important for the outcome of a (MA)LDI experiment are the chosen laser parameters
(here: nitrogen laser; λ: 337.1 nm; photon energy: 3.67 eV) and the fluence applied. The
laser fluence determines whether and how much material is desorbed or ablated (surface
versus volume models) [576]. To take this effect into account, the laser fluence was varied
in a stepwise fashion from 0 to the maximum operating fluence (3.53 J cm−2) for each
extraction delay time used.
Although LDI cannot be fully compared with MALDI, because the analyte is the matrix
here, it can provide some insight into the initial step, where the matrix absorbs the laser
light and becomes charged. To enable easy integration of the acquired spectra, which is
necessary for determining ion signal intensities for each substrate material tested,
fullerene-C60 was chosen as a model compound.
Besides having been studied as analytes with MALDI-MS, fullerenes have also been
applied as MALDI matrices themselves, since their extended conjugated π–system enables
them to absorb the incoming UV photons. For the non-fluorescent fullerene-C60 the photon
energy would then be converted into thermal energy via ultrafast non-radiative relaxation,
resulting in the abrupt overheating of the matrix crystal [475, 577]. The easily identifiable
fragmentation pattern, namely the sequential loss of C2 units [578], and its ability to form
clusters, make fullerene-C60 the ideal candidate for quantification.
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Additionally, the absence of protons reduces the number of primary ionization pathways.
The ionization energy, ψ, has been calculated and experimentally found to be 7.6 eV [579582], whereas the electron affinity, χ, is in the range of 2.6–2.8 eV [583-585]. Fullerene-C60
is thought to be able to store large amounts of energy through rapid conversion of
electronic excitation to vibrational excitation because of its many degrees of freedom,
thereby enabling delayed ionization processes [586]. Fullerene-C60 was also found to be an
effective electron scavenger over a remarkably broad energy range up to ca. 14 eV [587],
enabling anion formation.

6.2

Experimental

6.2.1 Materials
MALDI target plate inset materials were either purchased at Goodfellow Cambridge Ltd.
(Huntingdon, United Kingdom): Ti90/Al6/V4, thickness 1.0 mm; Iron/Nickel, Fe52/Ni48,
thickness
0.75
mm;
Invar,
Fe64/Ni36,
thickness
1.0
mm;
Cobalt/Chromium/Tungsten/Nickel/Iron/Manganese,
Co50/Cr20/W15/Ni10/Fe3/Mn2,
thickness 0.25 mm, Inconel 625, Ni61/Cr22/Mo9/Fe5, thickness 0.3 mm; vitreous carbon,
thickness 1.0 mm; Waspaloy thickness 1.0 mm, or acquired from the ETH Zürich physics
shop (copper, brass, phosphor bronze, anticorodal-110, peraluman-101, stainless steel
1.4301, each thickness 1.0 mm; beryllium copper, thickness 0.8 mm). Height differences
were compensated with a copper support to ensure a total substrate inset height of 1.0 mm
(±0.01 mm) to prevent artifacts arising from higher or lower extraction field strengths. All
insets were cut to a size of 50.0 × 50.0 mm. An overview of their respective average
conductive properties is shown in Table 6.1, revealing the exponential decay of resistivity
with increasing thermal conductivity, shown in Figure 6.1. Elsterglanz polish (Ahrenshof
GmbH, Zwachau bei Leipzig, Germany) was used to clean the inset surfaces. Solvents used
for the subsequent inset cleaning procedure, n-hexane (Chromasolv for HPLC; ≥95%) and
methanol (LiChrosolv, Reag. Ph. Eur) were purchased from Merck KGaA, Darmstadt,
Germany, and Sigma-Aldrich Chemie GmbH, Steinheim, Germany, respectively. Xylene
(≥97.0%), used to dissolve fullerene-C60 for electrospray deposition, CsI, used for calibration,
and fullerene-C60 (99.5%) were purchased from Sigma-Aldrich Chemie GmbH, Steinheim,
Germany.
Copper tape (6.0 mm wide, thickness 0.07 mm; Scotch 1181), used to secure the MALDI
target plate insets, was purchased from 3M GmbH, Rüschlikon, Switzerland. Before each
new sample deposition, the insets were cleaned, which was done by using Elsterglanz as
polishing agent to scrub the surface extensively. Subsequently, the insets were submerged
in n-hexane and sonicated for 15 min, followed by a second 15 min sonication round in
methanol. Insets were left to dry before being mounted in the deposition setup.
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Table 6.1: Resistivity and thermal conductivity at room temperature of the substrate
materials used as LDI target plate insets.
Material
Copper

Resistivity (μΩ cm)

1.69

Thermal conductivity (W m−1 K−1)

401

Anticorodal-110

3.6

187

Peraluman-101

4.1

135

Brass

6.4

125

Beryllium copper

8.4

90

Phosphor bronze

13.5

63

Fe52/Ni48

49

16.7

Stainless steel 1.4301

72

16.2

Invar

80

13

Co50/Cr20/W15/Ni10/Fe3/Mn2

88.6

9.4

Waspaloy

125

10.7

Inconel 625

129

9.8

Ti90/Al6/V4

168

5.8

Glassy carbon

400

6.3

6.2.2 Sample deposition
The aforementioned spray deposition setup was used for sample deposition. A 0.250 μg
mL−1 fullerene-C60 solution in xylene was prepared by 15-min. sonication and was
subsequently stored in a brown glass bottle to prevent contamination and decomposition
[588]. This solution was pumped through the electrospray source (3.5 kV; 5 bar pressurized
air) at a 2.0 μL min−1 flow rate by the syringe pump, resulting, after a 60-s spray time, in a
deposition of max. 500 ng fullerene-C60 on a surface with roughly a 5-mm diameter, which
was reduced to a ø 3.0 mm sample spot surface by means of Teflon® masks. This and an
automated Thorlabs 3D stage enabled the reproducible application of 100 spots in a 10 ×
10 array for each substrate inset.
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Figure 6.1: Resistivity as a function of thermal conductivity for the various tested target plate
materials listed in Table 6.1.

6.2.3 Mass spectrometry
By milling a 102.2 × 51.2 × 1.0 mm structure out of commercial MALDI target plates,
inserting two insets (ca. 50 × 50 mm), and securing them with conductive copper tape,
several different substrate materials could be tested, as previously shown in Figure 4.1. The
milled-out structure was made a bit larger than required to compensate for irregularities in
inset dimensions. The copper tape served a second purpose by covering the trenches in
between insets and the MALDI target plate, thereby ensuring a proper electric field
distribution.
Spectra were recorded with an Autoflex I MALDI-TOF mass spectrometer (Bruker
Daltonics, Bremen, Germany; Compass for flexSeries 1.3 software suite; nitrogen laser MNL
100, Lasertechnik Berlin: λ: 337.1 nm, typical pulse full width at half maximum (FWHM): 3
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ns) at a wavelength at which fullerene-C60 absorbs well [589]. The instrument allows for
increasing the laser fluence, as well as the extraction delay time, gradually in a semiautomated fashion and for measuring in linear and reflectron mode, as well as with either
a positive or a negative polarity. All measurements reported here were recorded in the
reflectron mode.
Experiments on the Autoflex were carried out with the flexControl software (ver. 3.3; build
108). The applied potential differences, depending on the polarity chosen, were ±20.00 kV
on the MALDI target plate, ±17.30 kV on the extraction plate, ±8.50 kV on the lens, and
±20.00 kV on the reflector; the microchannel plate reflector detector was set at 1.40 kV.
Matrix suppression was switched off, as well as any background correction and real-time
smoothing. The operating pressure was always <3.0 × 10−6 mbar. The laser power was varied
from 0 to 3.53 J cm−2 with 11.1% increments, and the extraction delay time was varied with
50 ns increments from 0 to 950 ns. Spectra were recorded over a m/z 100–2500 range to
include most fullerene-C60 fragments, the C60-molecular ion, and charged clusters
composed of either two or three fullerene-C60 (fragment) ions. Since fullerene-C60
fragmentation occurs almost instantly upon increasing the laser fluence, the m/z 365–730
range was chosen to include all singly charged fragments of the precursor peak (m/z 720)
and the precursor peak itself to calculate the ion signal intensity for inter-material
comparison.
The MALDI target plate was positioned according to three milled-out reference points.
Each sample spot was measured in a 5 × 5 array, where each array spot was 150 μm from
the next spot to avoid overlap of the ø 55 μm laser beam spot. Each array spot was
irradiated 10 times at a 50 Hz repetition rate to ensure that no fullerene-C60 was left for the
highest applied laser fluence. The 250 resulting spectra were averaged by the flexControl
software and exported to flexAnalysis.

6.2.4 Data processing
The raw data were converted to .txt-files in flexAnalysis (ver.3.3; build 80). These were
subsequently processed by MATLAB-scripts, which integrated the spectra over the m/z
regions of interest (m/z 365–730 and 1040–2170), and three of these experiments were
averaged to yield a 3D-plot of both the ion signal intensity for these specific m/z ranges
versus extraction delay time and laser fluence, as well as a standard deviation plot, where
the standard deviation was expressed as the percentage of the mean value. The m/z 365–
730 range comprises the fullerene-C60 precursor peak, as well as its fragments up to half the
molecule’s size, and the m/z 1040–2170 range was chosen to monitor the cluster ions
formed, together enabling establishing which species are preferably formed for the chosen
laser fluence and the extent of their neutralization during plume development. Owing to
the tailing of the precursor peak at m/z 730 (caused by delayed ionization [590]), the lower
limit of m/z 1040, just below 1.5× the molecular weight of fullerene-C60, was chosen. The
upper limit of m/z 2170 was chosen to be just above three times fullerene-C60’s molecular
weight.

113

6.3

Results

The resulting fullerene-C60 layers were analyzed by deposition on a microscopy cover slip.
Light microscopy and subsequent surface profiling of this cover slip, Figure 6.2a and b,
respectively, revealed the formation of fullerene-C60 nano-crystallites of several 100 nm in
height with similar morphologies as previously reported [591].

Figure 6.2: (A) Magnification of fullerene-C60 electrosprayed on a microscopy cover slip.
Fullerene-C60 tends to aggregate into small crystallites on the glass slide. Similar patterns
were observed for metal substrates. The white circles indicate the ablation array. (B) Surface
profile of fullerene-C60 on a glass slide surface taken from left to right, recorded with a Tencor
P-11 Surface Profiler. Fullerene-C60 crystallites are clearly discernable. (C) The destroyed
indium tin oxide layer (1) and the remaining fullerene-C60 crystallites (2) after laser
desorption/ionization. The irradiated area has been indicated with a white dotted line. (D)
Typical fullerene-C60 mass spectrum in positive reflectron mode (m/z 100–2500), with the
two analyzed regions m/z 365–730 (I; red box) and m/z 1040–2170 (II; blue box), denoting
the precursor and fragment cations and cluster cations, respectively. Ion signal integration
for the specified m/z ranges for each applied laser fluence and extraction delay time, gave
rise to substrate material-specific and polarity-dependent ion signal intensity plots, such as
the interpolated heat maps shown in Figure 6.3 for Ti90/Al6/V4.
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Figure 6.3: Positive and negative ion signal intensities (AUC: area under the curve) for
fullerene-C60, laser-desorbed from Ti90/Al6/V4 (ρ = 168 μΩcm), for both mass ranges (m/z
365–730 and 1040–2170). The data, represented here as a heat map, are the interpolated
data points acquired by varying the extraction delay time from 0 to 950 ns with 50 ns
intervals and the laser fluence from 0 to 3.53 J cm−2 with 10% increasing steps. Note the high
precursor and fragment cation and anion signal intensities at the highest applied laser
fluence and during the first 200 ns, most notably the sharp anion peak (A), which exceeds
its cationic counterpart (C) by ca. 140%, as well as the complete absence of cluster anions
(B). The cluster cation signal intensity (D) decreases and, simultaneously, the precursor and
fragment cation increases (C) for the highest applied laser fluences. Cationic species seem
to be stable for at least 1 μs, whereas anion precursor and fragment signal intensity
decreases rapidly after 150 ns.
To assess the impact of the laser shots on the crystallites via light microscopy, the
experiment was carried out on a glass microscopy slide, which was coated with indium tin
oxide, as an optically transparent conductive layer, required for application of the ±20 kV
potential. The effect of the laser pulses can be seen in Figure 6.2C. The laser partly destroys
the (at 337.1 nm slightly absorbing [592]) indium tin oxide layer at the highest applied laser
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fluence (dark ellipsoid spot). Fullerene-C60 LDI experiments generally resulted in mass
spectra as indicated in Figure 6.2D, which were used for relative ion signal intensity
determination for the indicated m/z ranges. The spectral patterns did not show any
significant m/z shifts when the extraction delay time was varied; only the resolution was
somewhat affected.
For the highest four laser fluence values, destruction of the glassy carbon was observed.
Care should also be taken when interpreting the results for the aluminum alloys for high
laser fluence because the aluminum lit up upon laser irradiation, indicating that either the
oxide layer was removed or that the surface started to melt. Since melting would also
fundamentally change the material’s work function [593], the data on aluminum alloys
(anticorodal-110, peraluman-101, and Waspaloy), as well as glassy carbon due to its
destruction, have been left out of the final analysis. However, the effects of phase changes
and oxide layers will be explored further in Chapter 9.
Despite the observed substrate material destruction, no metal-fullerene-C60 adducts were
observed: no mass shifts or metal cation-specific isotopic patterns could be identified. All
substrate material-specific ion signal intensity data, including standard deviation plots, are
given in Appendix II, Figure II.6.1 and Appendix II, Figure II.6.2, respectively.
As can be seen in Figure 6.3 and in Appendix II, Figure II.6.1, the precursor and fragment
cation signal intensity increases with increasing laser fluence. A clear ionization fluence
threshold was not observed since for the entire covered laser fluence range, fullerene-C60
ionization was observed. The steep signal intensity increases could be an indication for the
transition from surface desorption to volume ablation. The same observations were made
for the cluster cation species.
When the laser fluence is increased even further, the cluster cation signal intensity
decreases or does not further increase, and an increase in precursor and fragment cations
is observed. This was observed for all materials tested, as displayed in Appendix II, Figure
II.6.1 and Figure II.6.3. In Figure II.6.3 the ion signal intensities during the first 200 ns for
two different laser fluence values, 1.96 and 3.53 J cm−2, were averaged for both the
precursor and fragment, as well as the cluster ions. This time interval was chosen because
the highest precursor and fragment ion signal intensities were always observed for
extraction delay times between 0 and ca. 200 ns at the highest measured laser fluence (3.53
J cm−2). Comparing both laser fluence values, it becomes apparent that when the laser
fluence is increased the precursor and fragment cation signal intensity increases at the cost
of the cluster cation signal intensity, which does not increase proportionally, or even
declines. Cluster anions are hardly, if at all, formed and the precursor and fragment anion
signal intensity increases for increasing laser fluence as well.
The averaged data points for the highest laser fluence from Appendix II, Figure II.6.1 were
also used for further analyzing the influence of the substrate’s conductive properties, as
displayed in Figure 6.4.
In Figure 6.4, a trend between electrical resistivity and anion signal intensity becomes
apparent (see Section 5.1.1.3): precursor and fragment anion signal intensities increase
monotonically with the substrate material resistivity. The same effect is observed when
comparing the thermal conductivity (not shown): when the thermal conductivity is reduced,
the signal intensity increases exponentially, which can be attributed to the fact that
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electrical and thermal conductivity are related (see Table 6.1 and Section 5.1.2.2). The
presence of cluster cations obscures any resistivity dependence for the precursor and
fragment cations.

Figure 6.4: The averaged fullerene-C60 precursor and fragment [m/z 365–730] as well as the
cluster ion [m/z 1040–2170] signal intensities recorded between 0 and 200 ns extraction
delay time at a 3.53 J cm−2 laser fluence versus the average reported target plate material
electrical resistivity for both polarities. Cluster anions were hardly, if at all, formed, as
indicated by the dashed line. The dotted line indicates the linear trend for precursor and
fragment anion signal intensity for increasing substrate resistivity
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6.4

Discussion

6.4.1 Cluster ion formation and stability
During LDI experiments, stable fullerene clusters, probably coalesced fullerene products,
are formed [594], which, through electron loss or attachment, appear as cluster ions.
Cationic coalesced fullerene products do not easily dissociate, as was shown for C118+
through surface collision experiments with energies up to 200 eV [594]. Multiple collisions
with xenon atoms at a translational energy of 800 eV do not induce their dissociation either
[590]. The survival probability of the anionic clusters decreases with an increase in
temperature [595], but increases for higher fullerene anions [587, 596, 597].

6.4.2 Ionization reactions
Upon laser firing, the following ionization reaction could occur,
(𝑛𝑛)ℎ𝜈𝜈/∆

𝐶𝐶60 �⎯⎯⎯⎯� 𝐶𝐶60 ∙+ + 𝑒𝑒 −

(6.1)

the underlying principle being either multiphoton ionization [598] (requiring three 337.1
nm photons) or (photo-)thermal ionization to overcome the IE of 7.6 eV. This reaction
equally applies to the coalesced products formed under the LDI conditions. Maximum
photoabsorption cross section values for fullerene-C60 of 0.12–0.14 nm2 have been
reported for photon energies between 20 and 25 eV [599]. The photoionization cross
section for fullerene-C60 at a photon energy of 26 eV was reported to be close to 0.05 nm2
[600]. When the photon energy exceeds a certain threshold (40.8 eV [601]; 47 eV [600]) the
formation of fullerene-C60 fragment cations should be taken into account.
When reaction 6.1 occurs, an electron is generated, which can subsequently become
attached to a fullerene-C60 molecule to form an anion:
(𝑛𝑛)ℎ𝜈𝜈/∆

𝐶𝐶60 +𝑒𝑒 − �⎯⎯⎯⎯� 𝐶𝐶60 ∙−

(6.2)

Besides electrons originating from cation production, those that might be liberated from
the metal substrate could potentially add to the fullerene-C60 anion formation as well. The
same electron attachment could, in principle, account for the formation of cluster anions.
In the region from 1 to 6 eV, the electron attachment cross section was reported to be
0.36 ±0.03 nm2 [602]. Much higher electron attachment cross sections were reported for
lower energy electrons and higher molecular temperatures [595, 603]. It has been proposed
that low energy electrons become temporarily bound in a region of attractive potential,
surrounded by a repulsive potential barrier, a so-called shape resonance, followed by
electronic-to-vibrational energy conversion or even photon emission leading to a more
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stable and relaxed anion configuration. Resonance structures at 0.2, 1.5, 4.5, 5.5, and 8 eV
were attributed to electron attachment into higher fullerene-C60 electronic states [604].
Several research groups have reported on electron capture threshold values close to zero
energy [596, 603, 605]. The outcome of ab initio calculations stress the importance of
angular correlation in binding an excess electron, which makes fullerene-C60 special
compared with molecular anions with a comparable electron affinity [606].
Looking at the cross sections for photoionization, leading to cation formation, and for
anion generating electron attachment, one would expect the number of anions to exceed
those of the cations if electrons were plentiful and not generated via fullerene-C60
photoionization. Bimolecular reactions, such as anion formation by means of electron
attachment, are statistically less likely to occur than unimolecular reactions, such as cation
formation by electron detachment, and in this case the bimolecular anion formation is
limited by the electron production via fullerene-C60 photoionization, unless additional
electrons are liberated from the substrate’s surface.

6.4.3 Neutralization reactions
Following ionization, subsequent neutralization can occur. In case of cationic species
(bimolecular) cation neutralization reactions, aided by Coulombic attraction, could reduce
the cation signal intensities:
𝐶𝐶60 ∙+ +𝑒𝑒 − → 𝐶𝐶60

(6.3)

−
{𝐶𝐶60 }∙+
𝑛𝑛 +𝑒𝑒 → {𝐶𝐶60 }𝑛𝑛

(6.4)

Anionic species, on the other hand, could get neutralized via (unimolecular) electron
autodetachment (EAD) [607], occurring at 6.5 eV and above [605]:
𝐶𝐶60 ∙− → 𝐶𝐶60 + 𝑒𝑒 −

(6.5)

Finally, the neutralization of the formed ions could occur through the encounter of, and
charge exchange between, two oppositely charged fullerene-C60 ions:
𝐶𝐶60 ∙− + 𝐶𝐶60 ∙+ → 𝐶𝐶60 + 𝐶𝐶60

(6.6)

6.4.4 Cluster ions versus precursor and fragment ions
The data (Figure 6.3 and Appendix II, Figure II.6.1) underline the stability of the cationic
species formed [594]. Cluster anions, although previously reported [608], were not
observed at all, indicating that their formation is not as likely as that of their cationic
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counterparts, and might be dependent on the chosen experimental settings [605]. As can
be deduced from Figure 6.3C and 6.3D, and Appendix II, Figure II.6.3, a laser fluence
exceeding 1.96 J cm−2 tends to diminish the increase or even decrease the cluster cation
signal intensity, compared with the precursor and fragment cations. Multiphoton
absorption and the resulting high internal excitation of fullerenes is known to lead to both
fragmentation [601] and delayed ionization [598].
Rapid, increased fragmentation explains the observed simultaneous increase in the
precursor and fragment cations rather than delayed cluster cation decomposition during
plume development. Delayed ionization, due to EAD, explains the fullerene-C60 precursor
peak tailing (Figure 6.3D), which can extend into the microsecond timeframe [590, 598].
The EAD formation of precursor, fragment, and cluster cations obscures any trends with the
target plate material’s conductive properties because they can be formed within a wider
timeframe and are, therefore, not necessarily near the target plate upon formation.

6.4.5 Influence of substrate’s thermal conductivity
The thermal conductivity, which is intrinsically linked to the electrical resistivity and work
function through the material structure (see Section 5.1.2.2), determines the heat build-up
rate at the irradiated substrate surface part: for a high thermal conductivity, the substrate
is expected to heat up less and the ablated sample material amount to be lower, compared
with a substrate with low thermal conductivity. Ideally, perhaps with a fully transparent and
conductive target plate, only fullerene-C60 would be absorbing the laser light and not the
target plate material. Since discrete crystallites are formed (Figure 6.2A), the target plate
will always contribute to the absorption and local heat build-up and no clear separation can
be made.
The ablated sample material amount depends on the laser pulse duration as well [609].
Shorter pulses of equal intensity should allow for less heat dissipation time, causing an
increased localized heating. Depending on the laser used, the pulse duration can vary from
the nanosecond-range, typically used for UV-MALDI (0.3–20 ns) [340, 508, 576], to
picoseconds or even a few femtoseconds. A report, comparing nanosecond and
femtosecond laser data for fullerene-C60, found the formed anionic species to be similar,
which was ascribed to thermalization in the ablation plasma [610].
The precursor and fragment anion and, to a lesser extent, the cation signal intensities
were found to exponentially increase with a decreasing thermal conductivity in the very
narrow range of the low thermally conductive materials, which is due to the relationship
with electrical resistivity. Therefore, the trend was further analyzed with regards to the
electrical resistivity, as shown in Figure 6.4.

6.4.6 Influence of substrate’s electrical resistivity
When discussing the role of the substrate material’s electrical resistivity, we should
consider the migration and neutralization of the oppositely charged species. For a positive
polarity on the target plate, electrons and anionic species are attracted by the target plate
and will be neutralized there, whereas cations will be propelled to the detector as soon as
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the ion extraction potential is applied. For a negative polarity on the target plate, cationic
species will migrate towards the target plate as soon as ion extraction occurs and will be
neutralized, whereas anions and electrons are accelerated towards the detector. The arising
electron deficit or excess at the substrate surface, causing a transient reduction of the
extraction potential, will have to be restored by a current from the power supply to the
target plate to guarantee a homogeneous ion-extracting electric field. Here the target plate
material’s resistivity comes into play.
These effects would explain this anion signal intensity increase for increasing electrical
resistivity (Figure 6.4). The transiently reduced potential difference between the area of
cation impact on the target plate and the extraction plate will affect the transport towards
the detector of the anionic species and the electrons present in the plume. This will,
therefore, allow more time for bimolecular reactions to occur between electrons and
neutral molecules, promoting anion formation, and it will enhance cation neutralization,
while electrons and cationic species are allowed more time to interact in the plume. This
could explain the observations for Ti90/Al6/V4, where the anion signal intensity exceeded its
cationic counterpart. The target plate resistivity determines how long it will take to
counteract this local electric field perturbation. This theory is in line with the observation
that for an increased extraction potential, the relative intensity of fullerene-C60’s lower
energy peak for electron attachment decreases [605], stressing the importance of the
instrumental settings for anion formation.

6.4.7 Proposed mechanisms
It is important to note that all the aforementioned ionization and neutralization reactions
could occur independent of the measuring polarity. Considering the stability of the cluster
ions, Figure 6.5 summarizes the possible coalescence, ionization, and neutralization
reactions. The extent of cluster formation mainly depends on the applied laser fluence. The
degree of formation of anionic species depends on the applied extraction potential and the
target plate material’s resistivity, since together they determine whether there is enough
time for electron attachment to occur. These factors also determine the rate of cation
neutralization. Unless cations are neutralized, they have been shown to be stable for the
time interval investigated here. Anion neutralization, through EAD, will depend on the
plume temperature. Since cluster anions were not observed, no conclusions can be drawn
regarding their neutralization but, once formed, they are expected to be more stable than
the precursor and fragment anions [596, 597]. We interpret signal intensity differences
between polarities to be due to the unimolecular and bimolecular processes that underlie
ion formation and neutralization, and the way their reaction rates are influenced by a
transient reduction of the extraction potential determined by the substrate material’s
electrical resistivity.
Since no protons are involved in our experimental design, the number of possible primary
ionization pathways is limited. Together with the observed difference between the positive
and negative cluster ion signal intensities, (multi-) photon ionization, (photo-) thermal
ionization, and energy pooling could still apply.
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Figure 6.5: Schematic overview of the proposed mechanisms for positive (top) and negative
(bottom) polarity, where EDt denotes extraction delay time, M fullerene-C60, and Mn
fullerene-C60 clusters. Both M and Mn can react similarly: either electron detachment or
attachment occurs, possibly followed by neutralization. Neutralization reactions involving
two oppositely charged fullerene-C60 entities are not shown. All reactions could occur in
principle, but species formation, ion directionality, and detection depend on the polarity,
extraction delay time and potential, laser fluence, and the intrinsic unimolecular and
bimolecular reactions.

122

These mechanisms would also support the observed difference between the precursor
and fragment ions for opposite polarities. While the work function varies depending on the
crystal lattice, temperature, and phase, the role of substrate photoelectron production and
subsequent attachment to fullerene-C60 is difficult to establish under LDI conditions.
Describing the steady and almost linear anion signal intensity increase with increasing
target plate material resistivity (at room temperature) in terms of the transient electric field
reduction, a more linear relationship is expected than when a trend had resulted from the
lowering of the substrate material’s work function, which in turn would be expected to
affect the anion signal intensity due to the attachment of additionally produced
photoelectrons to fullerene-C60. The presence of additional photoelectrons from the target
plate would, based on the high electron attachment cross sections reported for fullereneC60, have resulted in an overall higher anion yield. Hence, the role of photoelectrons is
deemed to be of less importance than that of the substrate material’s resistivity.

6.5

Conclusions

The presented results clearly show that the substrate material has an important effect on
the ion signal intensity, and care should be taken when comparing results generated with
different substrate materials. Electrical resistivity seems to have an influence on the
precursor and fragment anion signal intensity and possibly on the precursor and fragment
cation signal intensity, although this is obscured by formation of cluster cations and delayed
ionization. In general, the precursor and fragment cation and anion signal intensity
difference becomes smaller upon using a target plate material with a higher resistivity.
Cluster anions are hardly, if at all, formed, which could be due to the chosen extraction
potential settings and should be investigated in more depth by varying this parameter
systematically. Cluster cations, however, are predominantly formed at intermediate laser
fluence (ca. 1.96 J cm−2), but at higher laser fluences precursor and fragment cations are
more readily formed.
Highly electrically resistive target plate materials promote anion formation, most notably
Inconel 625 and Ti90/Al6/V4, for which the anion signal intensity exceeded the cation signal
intensity by a factor of ~1.4. We interpret this to be due to a transient electric field
reduction (the extent of local field reduction depending on the substrate material’s
resistivity and, therefore, its capability to recharge the surface after cation neutralization),
making electron extraction from the plume less effective and allowing more electron
attachment (and possibly neutralization) reactions to occur. To verify our results, a dualTOF setup could prove beneficial. However, the target plate should be grounded and the
detectors should have equal but oppositely charged potential differences [611]. Finally,
working with fullerene-C60 has the advantage that proton transfer reactions are absent. Of
course, proton transfer is an important aspect of the initial charge separation step and this
should, therefore, be investigated in detail with commonly used MALDI matrices.
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7

MALDI application I: polymer analysis

"Parts of this chapter are reprinted from International Journal of Mass Spectrometry, Vol.
416, G. P. Zeegers, R. F. Steinhoff, S. M. Weidner, R. Zenobi, Evidence for laser-induced
redox reactions in matrix-assisted laser desorption/ionization between cationizing agents
and target plate material: a study with polystyrene and trifluoroacetate salts’, Pages 80-89,
Copyright (May 2017), with permission from Elsevier."

7.1

Introduction

Polystyrene with a sec-butyl end group (PS; MM: 58.078 + n × 104.063 Da)

MALDI has established itself as an accurate, albeit instrumentally limited, analytical
technique for synthetic polymer studies. If the sample is not too disperse, one can use
MALDI-MS to establish the dispersity (Đ) of a polymer batch, as well as the polymer chain
end groups. Đ is the ratio between the weight-average molecular weight and the numberaverage molecular weight:
Đ=

𝑀𝑀𝑤𝑤
𝑀𝑀𝑛𝑛

(7.1)

Since most polymers are not very soluble in the commonly used solvents for ESI-MS,
MALDI has provided an excellent alternative.
One of the most characterized polymers is the apolar styrene polymer. Its phenyl groups
can interact with a range of metal cations, thereby providing the complex as a whole with a
charge that can be used for detection and identification.
The well-known property of polystyrene (PS) to form metal complexes with added metal
salts during MALDI-MS analysis [612] has been exploited in this study to establish that laserinduced redox reactions between the cationizing agent and the target plate material occur.
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This may affect the outcome of many MALDI-MS studies, because it determines the kind of
species observed and their relative abundance.
The dispersity of an aromatic thermoplastic polymer batch, such as PS, is often assessed
through size-exclusion chromatography (SEC), gel permeation chromatography (GPC), static
light scattering or MALDI-MS [613] or a combination of these methods [612, 614-616].
The soft-ionization properties of MALDI-MS are not only routinely used for determining
the dispersity of synthetic polymers, but to establish a polymer’s end-group as well [612,
617, 618], although instrumental limitations can affect the accuracy when determining the
former [616, 619]. For PS analysis, MALDI-MS largely replaced laser/desorption ionization
(LDI), which is usually performed either with target plate materials yielding the proper
cations at very high laser fluences, or at slightly lower laser fluences through the addition of
metal salts containing the coordinating metal cation to the sample [617]. Photoelectron
spectroscopy has revealed that polystyrene has a high ionization potential (8.48–8.58 eV;
vertical) relative to the photon energy applied here (3.68 eV at 337.1 nm), which is thought
to be the reason that cation-complex formation is preferred [620, 621]. Copper [622] and
silver [613] salts are widely used as cationizing agents; recently, caesium ions were
employed successfully for high molecular weight (1.1 MDa) polystyrenes as well [522].
The cationization process occurring during the MALDI experiment is assumed to be
analogous to arene complex synthesis. The hapticity (η) indicates the number of contiguous
atoms a metal center coordinates with. Arenes usually bind to transition metals in the 6e,
η6-form, but η4 and η2 structures have also been observed [623].
Since arenes only bind to low-valent metals, metal salts are often reduced in the presence
of the arene to lower the oxidation state [623], analogous to the singly charged PS-cation
adducts observed even though high-valent metal salts are added as cationizing agents [506].
Complex formation leads to a lengthening of the carbon bonds in the aromatic ring, making
it more susceptible to nucleophilic attacks [623]. A systematic study via mass spectrometry
of metal benzene complexes with all 3d transition metals led to the suggestion of multilayer
sandwich formation for the early transition metals (Sc–V) and metal clusters fully covered
with benzene molecules for the late transition metals (Fe–Ni) [624]. In case of PS-cation
adducts, many different haptomers can be envisioned and it should be considered that a
haptomeric equilibrium between the different bonding arrangements is possible.
The matrix chosen for this study, 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2enylidene]malononitrile (DCTB), has, compared to other matrices, relatively low laser
fluence requirements to produce cations and anions [625] and was found to have an
ionization energy similar to that of PS (8.54 ±0.05 eV) [626]. Aromatic matrices, like DCTB,
can, however, also compete for the cations intended for PS by forming complexes with them
involving either one or more matrix molecules per cation.
How the laser photon energy is absorbed and transferred within the sample, however,
remains a difficult question to answer. For a copper substrate the following reactions could
occur (the values in parentheses indicate the energy required for the process [159]):
(𝑛𝑛)ℎ𝑣𝑣

𝐶𝐶𝐶𝐶0 �⎯⎯� 𝐶𝐶𝐶𝐶+ + 𝑒𝑒 − (7.73 eV)
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(7.2)

and
(𝑛𝑛)ℎ𝑣𝑣

𝐶𝐶𝐶𝐶+ �⎯⎯� 𝐶𝐶𝐶𝐶2+ + 𝑒𝑒 − (12.6 eV).

(7.3)

and for a silver substrate:
(𝑛𝑛)ℎ𝑣𝑣

𝐴𝐴𝐴𝐴0 �⎯⎯� 𝐴𝐴𝐴𝐴+ + 𝑒𝑒 − (7.58 eV),

(7.4)

while any other cationic species present could become (temporarily) reduced:
(𝑛𝑛)ℎ𝑣𝑣

𝑀𝑀𝑛𝑛+ + 𝑒𝑒 − �⎯⎯� 𝑀𝑀(𝑛𝑛−1)+ .

(7.5)

In this study the various PS and DCTB adducts observed when different cationizing agents
and target plate materials were used and are addressed and put in the context of laserinduced redox reactions occurring between the cationizing agents and the target material
(redox reactions that would not normally occur based on the standard electrode potentials
of the species present). The laser is thought to provide the energy to overcome the
ionization potential of the atoms present in the substrate material, aided by the
simultaneous reduction of the cationizing agent. From the ionization energy perspective,
the energy difference between oxidizing a copper atom, for example, while reducing a
sodium cation, is smaller than the energy of one nitrogen laser photon [159]:
(𝑛𝑛)ℎ𝑣𝑣

𝐶𝐶𝐶𝐶0 + 𝑁𝑁𝑁𝑁 + �⎯⎯� 𝐶𝐶𝐶𝐶+ + 𝑁𝑁𝑁𝑁 0

(7.6)

7.73 eV − 5.14 eV = 2.59 eV < 3.68 eV.

(7.7)

The degree of cation formation from substrate surface atoms would then depend on the
availability of cationizing agents to take part in the redox reaction (instead of forming salt
clusters) and the directionality of the reaction would be influenced by the preference of PS
and DCTB to form adducts with the cationic species present.
Several experiments were carried out to prove that these redox reactions occur during
the MALDI experiment and that the observed cation adducts cannot be ascribed to redox
reactions occurring during the deposition process. Finally, some theoretical considerations
for the formation of the observed cation adducts are given.
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7.2

Experimental

7.2.1 Materials
The analytical polystyrene standard 2000, for GPC (sec-butyl end-group, Mp: 1820 Da, Mn:
1770 Da, Mw: 1920 Da and dispersity: 1.08), was purchased from Sigma-Aldrich Chemie
GmbH, Steinheim, Germany. The following solvents were used to prepare the sample
solutions and to clean the target plate insets: hexane, Chromasolv, for HPLC, ≥95%, SigmaAldrich Chemie GmbH, Steinheim, Germany; methanol, LiChrosolv, Reag. Ph Eur, 99.9%,
Merck KGaA, Darmstadt, Germany; tetrahydrofuran (THF), inhibitor-free, Chromasolv Plus,
for HPLC, ≥99.9%, Sigma-Aldrich Chemie GmbH, Steinheim, Germany; water, extra pure,
deionized, Acros Organics, Geel, Belgium. Peptide calibration mix 4 (ProteoMix) 500–3500
Da, LaserBio Labs, Sophia Antipolis, France, and caesium iodide, 99.9%, for analysis, Acros
Organics, Geel, Belgium, were used for calibration purposes [524].
The
aforementioned
matrix,
2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2enylidene]malononitrile (DCTB; ≥98.0%), was purchased from Sigma-Aldrich Chemie GmbH,
Buchs, Switzerland.
In total twelve different salts were evaluated: Li+, Na+, K+, Cs+, Ba2+, Cr3+, Cu2+, Al3+, Ag+,
In3+, Pd2+ and Au3+. All but Au3+, which was purchased as chloride salt, were trifluoroacetate
(TFA) salts. In addition, trifluoroacetic acid was included and a cationizing agent-free sample
was prepared. The salts were purchased from various vendors: trifluoroacetic acid (99%) and
gold(III) chloride (99%), Acros Organics, Geel, Belgium; sodium trifluoroacetate (98%), silver
trifluoroacetate (99.99+%) and copper(II) trifluoroacetate, Sigma-Aldrich Chemie GmbH,
Steinheim, Germany; palladium(II) trifluoroacetate, >98.0%, Tokyo Chemical Industry Europe
N.V., Zwijndrecht, Belgium; barium trifluoroacetate hydrate and lithium trifluoroacetate
(97%), Alfa Aesar, Karlsruhe, Germany; caesium trifluoroacetate, abcr GmbH & Co. KG,
Karlsruhe, Germany; indium trifluoroacetate (98%), potassium trifluoroacetate (98%) and
chromium(III) trifluoroacetate (97%), Apollo Scientific Ltd., Manchester, United Kingdom.
The target materials tested were: copper, aluminum and 1.4301 stainless steel (all
acquired from the Department of Physics, ETH Zürich, Zürich, Switzerland), as well as
Inconel 625 (Ni61/Cr22/Mo9/Fe5) and titanium/aluminum/vanadium (Ti90/Al6/V4; acquired
from Goodfellow Cambridge Ltd., Huntingdon, United
Kingdom). Finally, to establish whether an increasing noble character of the target plate
material influenced the complex formation, a 40–50 µm thick layer of chromium, gold and
silver was electroplated onto stainless-steel plates (Galvotec GmbH, Schöfflisdorf,
Switzerland). The different target materials were insets with dimensions of microscopy
slides (1 × 25 × 75 mm), which were inserted into a milled-out cavity of the Autoflex target
plate, where they were secured with copper tape (6.0 mm wide, thickness 0.07 mm; Scotch
1181, purchased from 3 M GmbH, Rüschlikon, Switzerland).
Copper granules (99.8%, 0.2–0.6 mm, Riedel-de-Haën GmbH, Sigma-Aldrich Chemie
GmbH, Seelze, Germany) were employed to assess whether redox reactions occur during
the deposition process. They were left to stand for 10 min after addition to either the
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DCTB/PS/salt mixture or just the salt solution (molar ratio TFA salt: Cu = 1:300). The copper
granule salt solutions were vortexed and subsequently the liquid phase was removed. This
liquid phase was, if DCTB and PS were not already added beforehand, mixed with the matrix
and polymer solutions as previously described and subsequently used for application on a
stainless-steel substrate.

7.2.2 Metal trace assessment in trifluoroacetate salts
Salts were tested for other metal cation (especially copper and silver) impurities through
inductively coupled plasma mass spectrometry (ICP-MS, iCAPQ, Thermo Fisher Scientific,
Bremen, Germany; software: Qtegra). An external calibration was performed using aqueous
multi-element (ICP IV), Cs and Pd standard solutions (all CertiPUR grade, Merck KGaA,
Darmstadt, Germany). Ge (Specpure, Alfa Aesar, Ward Hill, MA, USA) was used as internal
standard. Dilutions were made with ultrapure water (18.2 MΩ cm, Millipore Element
System, EMD Millipore, Billerica, MA, USA) and HNO3 (p. A., 65%, Merck KGaA, Darmstadt,
Germany; subboiled before use).
The trifluoroacetate samples (ca. 20 µg L−1) were shaken thoroughly and diluted in
triplicate with 3.25% HNO3 (aq) to 200 µg L−1. For internal standardization, a Ge standard
(2.0 µg L−1) was added. The isotopes 27Al, 50Cr, 65Cu, 66Zn, 106Pd, 107Ag, 115In, 133Cs and 137Ba
were monitored with a dwell time of 10 ms.
From the ICP-MS data (see Appendix I, Table I.7.1) it can be concluded that none of the
trifluoroacetate salts contained traces of copper above the limit of detection (depending on
the element for water analysis varying between 0.03−0.1 ppb).

7.2.3 Sample preparation
MALDI sample solutions were prepared by mixing salt solutions (0.1 M) with a 10 mg mL−1
polymer solution (1920 Da polystyrene in THF) and 50 mg mL−1 DCTB in THF in a 1:1:8
(v/v/v) ratio (or a ca. 19.2:1.00:307 molar ratio). Apart from Pd(TFA)2 (pure THF), Ba(TFA)2
(pure H2O) and Cr(TFA)3 (pure methanol), all salts were dissolved in a 1:9 H2O/THF mixture.

7.2.4 Sample deposition
Before each new sample deposition, the remaining sample material on the insets was
removed with a tissue dipped in ethanol. Non-plated insets were subsequently cleaned with
Elsterglanz polish (Ahrenshof GmbH, Zwachau, Germany), followed by 10-min. sonication
in hexane and 10-min. sonication in methanol. To avoid damaging the electroplated layers,
the polishing step was omitted for the chromium-, gold- and silver-coated stainless-steel
insets.
To enhance reproducibility, a single solution system was employed here, combined with
the previously described pneumatic spray deposition. Between deposition rounds, the
capillary, syringe and ESI source were cleaned to prevent any carry-over effects, by flushing
with 180 µL 1:9 H2O/THF, followed by 180 µL H2O to get rid of any remaining salts and again
180 µL 1:9 H2O/THF to equilibrate the system, all at an 8.0 µL min−1 flow rate.
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Sample solutions were deposited using an electrospray source (Waters AG, Dättwil,
Switzerland; 0 kV; 5 bar pressurized air sheath gas flow) and a Harvard apparatus syringe
pump (type 22) operated at an 8.0 µL min−1 flow rate. After 4 s spray time, a smooth
deposition spot with a roughly 5-mm diameter was formed, which was reduced to a ø 3 mm
sample spot by means of a custom-made Teflon® sliding masks system. This, together with
an automated Thorlabs 3D stage, enabled the reproducible deposition of 20 spots in a 2 ×
10 array for each substrate material.

7.2.5 Instrumentation
MALDI-TOF experiments were carried out on two different commercial instruments. The
data acquired on an Autoflex I MALDI-TOF mass spectrometer (Bruker Daltonics, Bremen,
Germany; nitrogen laser MNL 100, Lasertechnik Berlin, λ: 337.1 nm, typical pulse full width
at half maximum (FWHM): 3 ns, repetition rate: 50 Hz) was used for comparing ion signal
intensities. The second instrument, a Bruker Autoflex III MALDI-TOF mass spectrometer
(Bruker Daltonics, Bremen, Germany) equipped with a ’smartbeam’ Nd:YAG laser (λ: 355
nm, pulse full width at half maximum (FWHM): 6 ns, repetition rate: 200 Hz), was used to
image the PS/DCTB sample spots in cases where no salt was present and when
trifluoroacetic acid, Cu(TFA)2, AgTFA, NaTFA and Cr(TFA)3 were applied on stainless steel
and copper insets.

7.2.6 Autoflex I MALDI-TOF-MS
Due to the rapid sublimation of the DCTB matrix under UHV conditions [523],
measurement duration was kept below 30 min, by measuring only 8 of the 20 spots. For
copper, aluminum and stainless steel, these experiments were carried out in triplicate,
averaging 24 spectra. Each sample spot was scanned in a 10 × 10 array (0.81 mm2), where
the distance between array spots was 100 µm. 25 laser pulses, leading to complete sample
material ablation, exposing the substrate material. Per sample spot, 2500 laser pulses were
fired (25 per array spot) and spectra were recorded over a m/z 100–8000 range. The laser
fluence was set to 35.2 mJ cm−2. The experiments were carried out in positive reflectron
mode and the following potentials were applied: target plate: 19.00 kV; extraction plate:
16.80 kV; Lens: 8.15 kV; reflector: 20.00 kV; reflectron mode microchannel plate detector:
1.40 kV. A pulsed ion extraction time of 230 ns was applied, which proved optimal for the
chosen PS standard [627], and matrix suppression was switched off, as well as any
background correction and real-time smoothing. The electronic gain was set to 100 mV. The
operating pressure was always <3.0 × 10−6 mbar. These optimized parameter values were
found with a PS/DCTB/AgTFA on a stainless-steel substrate. Experiments on the Autoflex I
were carried out with the flexControl software (ver. 3.3; build 108).
An image after deposition and subsequent ablation of the polymer/DTCB/TFA salt (LiTFA
here) mixture deposited on copper is shown in Appendix II, Figure II.7.1 as an example. The
dark spots (ø 55 µm) clearly show that no material was left after the 25 shots fired at each
array position of the measuring array.
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7.2.7 Data processing
Raw data from the Autoflex I were converted to .txt-files in flexAnalysis (ver. 3.3; build
80). These were subsequently processed by ion-specific MATLAB scripts, which resampled
and integrated the spectra over the m/z regions of interest and averaged the 8 measured
sample spots to obtain the mean ion signal intensity and standard deviation for each
condition tested. For experiments carried out in triplicate, the average and the standard
deviation were evaluated accordingly.

7.3

Results and discussion

7.3.1 Preferred PS-cation adducts on stainless steel
We first investigated the kind of PS and DCTB complexes formed on stainless steel in the
presence and absence of several different TFA salts, as well as trifluoroacetic acid. Figure
7.1 shows the PS MALDI mass spectra measured on stainless steel with several cationizing
agents. Only the spectra where PS-salt adducts were observed are shown: Li+, Na+, Cu+, Ag+
and Al+.
The spectra feature a distribution with the typical 104.06 Da intervals, corresponding to
the PS monomer weight. With the sec–butyl end-group (57.07 Da) known, one can calculate
the exact mass of every isotope combination for each PS chain-salt adduct. The dispersity
values obtained for the different PS-cation adducts (1.03–1.05) match reasonably well with
the value given by the vendor (1.08).
Although it has been suggested that alkali adducts are not formed with PS, when 5 kDa
PS was used in combination with several different matrices (trans-indoleacrylic acid,
dithranol, 2-nitrophenyl octyl ether) [612], PS-Li+ and PS-Na+ adducts were observed in our
experiments. The PS-Li+ and PS-Na+ signal intensities are much smaller in comparison to PSCu+ and PS-Ag+. This is in line with the density functional theory calculations performed with
two phenyl rings connected with an amide bond [628], which showed that the smallest alkali
cations prefer open-cage structures with only one cation-phenyl ring interaction and Ag+
tends more towards a closed cage structure. The formation of PS-Al+ adducts had previously
been observed in LDI experiments [617], but this could not be shown for MALDI experiments
using dithranol as matrix and Al(acac)3 as cationizing agent [629].
In contrast to previous work [522], large Ps-Cs+ adducts were not observed, which is
probably due to the decreased number of potential complex conformations for the ca.
thousandfold smaller chain length polymers used here [630].
Here, in contrast to a previous report in which dithranol was employed as matrix [631],
no PS-K+ adducts, were observed. Hardly any DCTB adducts with K+ were observed either.
The spectra for Pd(TFA)2 gave rise to very faint signals that could have equally well
originated from silver traces and could therefore not be attributed beyond doubt to Pd+
adducts, although PS-Pd+ adducts have previously been reported when Pd(II)
acetylacetonate (acac) was employed as cationizing agent with dithranol as matrix [629,
632].
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Figure 7.1: MALDI mass spectra of PS 2000 (number average molecular weight, Mn: 1770
Da; weight average molecular weight, Mw: 1920 Da and dispersity, Đ: 1.08; see Appendix I,
Table I.7.1 for peak identification). PS-cation adducts formed and their respective intensity
and deduced Mn, Mw and Đ, corrected for the mass of the cation. In order of increasing
intensity from top to bottom: Al+, Li+, Na+, Cu+ and Ag+ adducts. The lower m/z 100–1000
region, including the DCTB adducts and salt clusters, is shown in Figure. 7.2.
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Figure 7.2: Overview of the DCTB-cation adducts and salt adducts formed in the absence of
and for several different TFA salts on stainless steel; from top to bottom: no salt,
trifluoroacetic acid (HTFA), LiTFA, NaTFA, KTFA, CsTFA, Cu(TFA)2 and AgTFA. DCTB is denoted
by ‡, DCTB-salt adducts by *, (DCTB)2-salt adducts by ** and salt clusters: (MTFA)M+ by °
and (MTFA)2M+ by °°. The Cs+ ion is denoted by +. See Appendix I, Table I.7.2 for peak
identification.
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Although PS-Cr+ adducts have previously been observed, using Cr(CH3COO)2 and
CrCl3·6H2O in LDI experiments [617, 633], they could not be identified with the instrumental
settings applied here, nor were DCTB-Cr+ adducts observed. The absence of Cr+ adducts
might be due to further reduction to Cr0. Cr0-arene complexes have been proven to be very
stable, as they were the first arenes to be discovered [634]. Other publications have
reported the absence of PS-Cr+ adducts as well for MALDI experiments with Cr(acac)3 and
dithranol as a matrix [629, 632].

7.3.2 DCTB complex formation
Figure 7.2 shows the DCTB MALDI mass spectra measured on stainless steel in the
presence and absence of several cationizing agents. Like PS, DCTB contains a phenyl ring
and is therefore capable of forming adducts as well. Adducts containing either one or two
DCTB molecules (the latter possibly being a sandwiched structure) were observed. Peaks
corresponding to the masses of DCTB adducts were observed for Ag+, K+, Na+, Li+ and Cu+ on
stainless steel. Interestingly, only copper was found to form significant amounts of these
double DCTB adducts.

7.3.3 Adduct formation on copper- and silver-coated stainlesssteel substrates
Figure 7.3 shows a series of PS MALDI mass spectra acquired on a copper substrate in the
absence and presence of several cationizing agents. In addition to the expected PS-cation
adducts, observed for stainless steel, PS-Cu+ adducts are visible in significant abundance
when another cationizing agent different from Cu(TFA)2 is present. Similar copper adducts
were observed for DCTB (Appendix II, Figure II.7.3 and Appendix I, Table I.7.2). On a silverplated stainless-steel surface PS-Ag+ and DCTB-Ag+ adducts were observed.
My interpretation is that laser-induced redox reactions occur on the copper and the silver
plated stainless-steel substrates, liberating copper and silver ions, respectively, which,
rather than the added cationizing agents, readily form complexes with PS and DCTB.
Quantitatively this can be seen in Figure 7.4a (copper) and Figure 7.4b (silver-coated
stainless steel), where their relative signal intensities are shown.
PS- and DCTB-Cu+ and Ag+ adducts appeared as well when TFA salts, such as Ba2+, Cr3+ and
Cs+ were used. In contrast, for the negative control, where no salt was added to the PS/DCTB
mixture, no PS-Cu+ adducts and hardly any DCTB-Cu+ adducts were observed, suggesting
that a redox couple is required and the copper cations cannot be liberated by the laser
irradiation alone. Although their quantities were not very high, the pattern of the PS-Cu+
adducts could be clearly identified for all salts added, apart from AgTFA, which led solely to
the formation of PS-Ag+ adducts. Therefore, we suggest that copper ions are liberated from
the copper substrate, while the cationizing agents are temporarily reduced. The success of
these laser-induced redox reactions would then depend on the cationizing agent’s
availability for these reactions: e.g. alkali TFA salts (most notably KTFA) prefer to form salt
complexes instead.
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Figure 7.3: Overview of the PS-cation adducts formed on a copper substrate. (See Appendix
II, Figure II.7.3 for the DCTB adducts and salt clusters observed; see Appendix I, Table I.7.1
for peak identification; the red dashed line indicates the PS-Cu+ complexes composed of 17
monomers.) As can be seen, no copper complexes are formed without the presence of a
cationizing agent. Both PS-Li+ and PS-Cu+ complexes occur simultaneously for LiTFA. The
same applies to NaTFA. Hardly any PS-Cu+ complexes are formed for KTFA, but for CsTFA and
Cr(TFA)3 this is not the case. The signal intensity for Cu(TFA)2 is the highest and AgTFA
addition only leads to the formation of PS-Ag+ adducts, indicating that the Ag+ ions
preferentially attach themselves to PS rather than oxidizing Cu0 to Cu+.
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Figure 7.4: (previous page) Apart from Au, which was applied as AuCl3 and H, which denotes
trifluoroacetic acid, all metal ions were added as trifluoroacetate salts. The hyphen (-)
denotes the negative control, where salt was completely absent. All data were derived from
spectra acquired with the Autoflex I. Averaged signal intensities of PS, DCTB and DCTBsandwich adducts resulting from MALDI measurements of a 1:1:8 10 mg mL−1 polystyrene
2000 in THF/0.1 M metal TFA salt/50 mg mL−1 DCTB in THF solution, deposited on (a) a
copper substrate (n = 24), (b) a silver-coated stainless-steel substrate (n = 8).
When these laser-induced redox reactions occur, the cationizing agent should be
regarded as an electron transfer agent during the MALDI process.
The observation that copper ions were formed was made previously for Cr2+ and Cr3+ salts
deposited on a copper substrate in LDI experiments, where the amount of PS-Cr+ adducts
was reduced, while a simultaneous increase in PS-Cu+ adducts was observed when the laser
fluence was increased. This effect was also found to correlate with the PS chain length,
especially for lower laser fluences [633]. These results, however, were not placed in the
context of laser-induced redox reactions.
Besides the PS adducts, the liberated copper ions formed DCTB-Cu+ and (DCTB)2-Cu+
adducts (see Figure 7.4a) as well. The liberated silver ions only formed adducts with single
DCTB molecules, as shown in Figure 7.4b.
To illustrate how the signal intensities of all the different possible complexes relate to
each other on the copper surface and whether these laser-induced redox reactions occur
throughout the sample spot or just in specific regions, as well as to underline the
homogeneity of the sample deposition method, images of the sample spots without salt
addition, with TFA, NaTFA, Cr(TFA)3, Cu(TFA)2 and AgTFA were recorded (see Appendix II,
Figure II.7.4; see Appendix II, Figure II.7.5 for images on stainless steel). These imaging
results show that the formation of DCTB-Cu+ and PS-Cu+ complexes is a homogeneous
process occurring throughout the sample spots on the copper target in the presence of less
noble added cations.
A comparably small amount DCTB-Ag+ adducts was also formed for the negative control
on the silver-coated stainless-steel surface and therefore, at least in part, the formation of
these adducts should be ascribed to ablation of the silver surface, although this cannot fully
explain the high PS- and DCTB-Ag+ adduct yields observed for Na+, Ba2+, Cr3+, Cu2+, Zn2+, Al3+
and In3+ samples.
The same salts were tested on a gold-coated stainless-steel surface (shown in Appendix
II, Figure II.7.6). No Au+ adducts were formed.
The Cu+ adducts were drastically reduced when compared to the copper surface for the
Cu(TFA)2, as was observed for this salt on the silver substrate. The amount of Ag+ adducts
was comparable with the amount formed on the silver surface

7.3.4 Hard/soft acids and bases principle
Whether cation adducts are formed and whether a redox reaction takes place with the
cationizing agent will also depend on whether the cation becomes available to take part in
it and can become separated from its anion, instead of forming clusters. Cluster formation
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was observed for alkali TFA salts (see Figure 7.2; the effect is especially strong for KTFA, see
Appendix II, Figure II.7.2). This is analogous to CsI when used for calibration purposes [524].
A similar, but weaker effect was observed for NaTFA and LiTFA. CsTFA showed salt cluster
formation, as well. Additionally, Cs+ (m/z 132.9) was present in large amounts in the spectra
(other cations, lighter than 100 Da, could not be observed due to the low-mass cut-off). This
salt cluster formation phenomenon can be ascribed to the principle of hard and soft acids
and bases (HSAB).
This HSAB concept has previously been introduced for polystyrene (with its accessible
aromatic π-electrons) and the soft silver cations, acting as Lewis acids.
[617, 633] Thus, when the HSAB properties of the added cationizing agent are such that
its anion and cation rather stick together and form salt clusters, its cations will not be
available for laser-induced redox reactions with the target plate material and hence no PS
and DCTB complexes with cations liberated from the target plate material are observed.

7.3.5 Copper granule redox reaction verification experiments
To assess whether the copper ions had been generated during the sample deposition on
the copper target plate or rather during the MALDI experiment itself, sample solutions were
incubated with copper granules prior to MALDI-MS analysis. When the PS/DCTB/TFA salt
mixtures were left to stand with the copper granules for 10 min, before removing the
granules from the solutions, and when these solutions were subsequently deposited on
stainless steel, no PS-Cu+ peaks could be observed; not even when Cu(TFA)2 was added as
cationizing agent on top of that. This indicates that the copper granules effectively
sequester PS from the sample solution, due to coordination between copper atoms at the
substrate’s surface and PS, before ablation is carried out. The reversible nature of the
coordination and organometallic bonds between delocalized π-systems and copper surfaces
has been previously exploited for bottom-up fabrication of surface nanostructures, such as
one- and two-dimensional organometallic and coordination polymers [635].
To prevent PS sequestration the salt solutions were left to stand with the copper granules
without PS and DCTB present. These were added after the copper granules were removed
from the salt solution. With this order of mixing, PS-Cu+ adducts appeared once again when
Cu(TFA)2 was added.
In Figure 7.5 the signal intensities for the Cu+ and added salt adducts with PS (a) and DCTB
(b), obtained for all the salts studied using the latter approach, are shown. Looking at Figure
7.5 it becomes clear that only for the trivalent Lewis acids, Al(TFA)3 and In(TFA)3, as well as
for trifluoroacetic acid, copper ions are liberated from the copper granules over the course
of the 10-min incubation before the sample deposition and measurement, leading to Cu+
adduct formation with PS and/or DCTB.
Therefore, any observed copper adducts for any other salt/PS/DCTB sample solution
applied to a copper substrate must arise from laser-induced redox reactions between the
added salt and the copper substrate and not from previously formed copper ions during the
deposition process.
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Figure 7.5: Signal intensities from copper and salt-specific (a) PS and (b) DCTB adducts (n =
8) derived from MALDI-MS spectra resulting from mixing PS and DCTB solutions with the
copper granule-treated salt solutions, and their subsequent deposition on the stainless-steel
substrates. Cu+ adducts with PS and DCTB are only observed when Al(TFA)3, In(TFA)3 or
trifluoroacetic acid are incubated with copper granules for 10 min. For direct comparison
PS/DCTB/Cu(TFA)2 without copper granule treatment has been included.
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The competition between salt cluster and polymer-adduct formation explains the lower
PS-Cu+ and DCTB-Cu+ adduct ion signal intensities for the alkali metals (see Figure 7.5),
analogous to the counterion-effect observed for poly(methyl methacrylate) cationization
[636].

7.3.6 15 and 29 Da losses from PS-Cu+ adducts
When spectra of PS-Cu+ adducts were recorded, be it on stainless steel or on copper
substrates, and the signal was sufficiently intense, additional peaks with mass shifts of −15
and −29 Da were observed (see Figure 7.1 and Appendix II, Figure II.7.7). This indicates
radical neutral losses of CH3 and CH2CH3. We speculate that this could be an indication of
the PS coordination site to either the copper substrate surface or a copper cation. Due to
steric hindrance, the chain ends are the most approachable and therefore the chance of the
initial Cu2+/Cu+ attachment, or coordination with a copper atom on a copper surface (if used
as a substrate), should be higher. The resulting localized bond lengthening would destabilize
the molecule, leading to the (m)ethyl loss at the sec-butyl end-group side of the PS chain.
This 15 and 29 Da shift pattern, however, was not observed for polystyrene-silver adducts.

7.3.7 Target plate material influence on PS-Cu+ and PS-Ag+ adduct
formation

To test the influence of target plate material on adduct formation, several other materials
were tested besides the copper and silver- and gold-coated stainless-steel target plate
materials. As previously discussed, each target plate material has a different thermal
conductivity and electrical resistivity associated with it, influencing the ion signal intensity.
Aside from their physical properties, their chemical inertness is also an important factor:
the less noble copper was found to be more likely to participate in redox reactions than
silver, chromium and gold (see Figure 7.6).
The ion signal intensities for PS-Cu+ and PS-Ag+ adducts, resulting from the deposition of
their respective TFA salts on the aforementioned tested target plate materials are shown in
Figure 7.6.
Interesting is the virtual absence of PS-Cu+ adducts on the more noble metals (chromium,
silver and gold) and the materials of low thermal conductivity and high electrical resistivity
(Inconel 625 and Ti90/Al6/V4), whereas the amount of PS-Ag+ adduct cations does not
fluctuate much for different substrate materials. I surmise that the absence of copper
adducts on the noble metal surface could very well be due to the absence of a redox couple
for the Cu2+ cation to become reduced to Cu+. I speculate that the softness of the acidic Ag+
cation in combination with the soft character of the polystyrene’s phenyl rings might yield
more stable complexes than the Cu+ cation, which may therefore become less readily
dissociated after their formation when subjected to a stronger localized heating on a
substrate material of low thermal conductivity.
Using Cu(TFA)2 on a copper substrate would enable the formation of Cu+ ions from two
directions: reduction of Cu2+ to Cu+ and the simultaneous oxidation of Cu0 from the target
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plate material to Cu+, explaining the far bigger PS-Cu+ ion signal intensities when comparing
this to any of the other substrate materials tested. This view on the Cu2+ reduction,
contrasting the previously suggested Cu2+ reduction via either gas-phase charge exchange
with matrix molecules or free electron capture in the MALDI plume [506], could be regarded
as an additional or alternative reduction mechanism. For silver, such an additive effect
cannot occur, hence no special increase was observed there.

7.3.8 Redox reactions
Besides the redox reactions expected to take place between the copper target and
trifluoroacetic acid or Al(TFA)3 or In(TFA)3, based on the copper granule experiments, some
other expected redox reactions occurred during sample application; e.g. the formation of a
gold layer on both silver and copper surfaces when AuCl3 was added. This contrasts with the
chromium salts deposited on copper: the standard reduction potential of Cr3+ ions (−0.74
V) is smaller than that of Cu+ (+0.52 V), therefore the formation of a chromium layer at the
expense of copper ion formation is not expected during sample deposition. Hence the
appearance of copper adducts when adding a chromium salt to the sample mixture is
somewhat unexpected.
When inspecting Appendix II, Table II.7.4, which lists the reduction half-equations and
standard electrode potentials of the salts and metals involved in this investigation, it
becomes clear that reducing Li+, Cs+, K+, Na+, Ba2+, Al3+, Zn2+, Cr3+, In3+, H+ and even Cu2+ in
the sample mixture would actually require an energy input when a copper substrate is used
for sample deposition and should therefore act as reducing agent. Adding Ag+, Pd2+, Au3+,
should lead to the formation of solid Ag0, Pd0 and Au0, whilst forming Cu+ ions.
When these reactions have already taken place before the MALDI experiment, this would
explain why these (together with the fact that Ag+ also complexes well for PS) do not seem
to yield any copper complexes when used in combination with a copper target. My
interpretation is that the reverse redox reactions, liberating copper or silver ions, require
energy and are driven by the laser pulse, e.g.:
(𝑛𝑛)ℎ𝑣𝑣

𝐶𝐶𝐶𝐶0 +𝐶𝐶𝐶𝐶 + �⎯⎯� 𝐶𝐶𝐶𝐶+ +𝐶𝐶𝐶𝐶 0.

(7.8)

The energy required to liberate an electron from the metal substrate surface would
require just over 2 nitrogen laser photons, but when one considers the amount of energy
liberated simultaneously when this electron is taken up by one of the salt ions present [159],
this required energy is reduced below the energy of one nitrogen laser photon and could
therefore explain the high signal intensities when particular cations are chosen as
cationizing agents. The number of photons required for this laser-induced redox reaction to
occur might be limited to a single photon due to the coordination of the phenyl groups of
the matrix, as well as PS, with the substrate’s copper or silver surface atoms. Upon
irradiation of the MALDI sample this could reduce the energy required to shuttle an electron
from the surface atom through the coordinated matrix of PS molecule towards its
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destination: the complexed cationizing agent. Once the neutralized cationizing agent can
get rid of its extra electron, for example when hitting the positively charged target plate or
a positively charged matrix molecule, it can revert back to its original charged state. In
principle, both DCTB and PS could be absorbing the nitrogen laser photons to mediate this
process. However, further experiments would be required to verify this model and the
number of photons involved.

Figure 7.6: The averaged PS-Cu+ and PS-Ag+ adduct ion signal intensities resulting from PS
2000/DCTB/TFA salt (Cu(TFA)2 and AgTFA, respectively) deposition on different substrate
materials (n = 24 for stainless steel, copper and aluminum, n = 8 for all other substrate
materials).
The PS and DCTB copper adducts were found to carry a single charge, which means they
either must have been part of a redox reaction (during deposition or the MALDI
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experiment), since a Cu(II) salt was added, or the Cu2+ became reduced through electron
capture. The observation that only singly charged PS-copper adducts were detected has
previously been ascribed to redox reactions with the matrix used and through free electron
capture in the gas phase [506].
This observation of reduction to the +1-oxidation state to enable cation adduct formation
with PS has been described for other transition metals such as Cr and Pd as well, and it is
thought to be of critical importance [632]. Alternatively, one could consider the remaining
Cu+ cations as the ‘lucky survivors’ of the MALDI process [461, 462].
The concept of redox reactions occurring during mass spectrometric analysis is not new:
for example, using TiO2 nanoparticles, serving as a highly porous photoelectrode on a steel
plate, in-source photoelectrochemical redox reactions under UV laser radiation have
previously been demonstrated to lead to efficient electron transfer reactions with electron
donors or acceptors present in the irradiated sample [637].
Also, the reduction of copper(II) salts to copper(I) has been previously described [638].
However, the observation that under MALDI conditions copper and silver cations are
liberated from the target plate substrate, through reversed-redox reactions, to form
complexes with PS, is new and these experiments show that these reactions are most
probably laser-induced and therefore must occur at the onset of the MALDI experiment at
the PS/metal substrate interface. This therefore adds another ion formation channel to
already established cationization processes that were shown to occur in the gas phase [617,
629, 630, 632]. Polymer-cation adducts seem to be also present in a pre-formed state in the
deposited sample [639], though probably not only as cationic adducts waiting to be
released. Based on our observations, we surmise that neutral PS complexes at the substrate
interface exist, ready to become charged via a laser-induced redox reaction:
(𝑛𝑛)ℎ𝑣𝑣

𝑃𝑃𝑃𝑃 − 𝐶𝐶𝐶𝐶0 + 𝑀𝑀𝑛𝑛+ �⎯⎯� 𝑃𝑃𝑃𝑃 − 𝐶𝐶𝐶𝐶+ + 𝑀𝑀(𝑛𝑛−1)+ .

(7.9)

where the cationizing agent (M, e.g. Na+), acts as a temporary oxidation agent, releasing its
extra electron at the earliest possible moment, e.g. when colliding with the target plate
surface:
𝑀𝑀(𝑛𝑛−1)+ → 𝑀𝑀𝑛𝑛+ + 𝑒𝑒 − .

(7.10)

7.3.9 Valence bond theory
To qualitatively describe the observed PS-cation adducts, the valence bond theory can be
employed. Polymer samples are often mixed with cationizing agents, such as alkali, copper
or silver salts [640]. If one considers the number of empty orbitals of the added cations,
these can hybridize to form three-dimensional structures that could accept the π-electrons
from the aromatic PS rings. Alkali cations will just be able to form complexes with one ring
(trigonal planar or tetrahedral) [159]. See Appendix I, Table I.5.1. If more empty d-orbitals
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are available, sp3d2 (octahedral or trigonal prismatic) or sd5 (trigonal prismatic) orbitals with
coordination number 6 can be formed, which allow for interaction with two aromatic rings
[159]. Cu+, Ag+ and Au+ all have a completely filled set of d-orbitals, allowing for the
aforementioned hybridization to occur if they are not reduced prior to coordination. In
principle, this hybridization could also happen with Cr+, which could fill all five of its dorbitals with one electron in a parallel (high spin) fashion, but alternatively it could fill its
orbitals in an anti-parallel (low spin) fashion. In both cases this would allow for hybridization
to form octahedral or trigonal prismatic complexes.
Of course, the degree of interaction would also depend on the steric hindrance within the
molecule and the stereochemistry: the monomers could be arranged iso- or syndiotactically
[641-643]. However, unless special synthesis methods are applied, polystyrene will be
atactically arranged, reducing the number of possible double-ring adducts between two
adjacent monomers, where the cation is sandwiched between two phenyl rings. If the
chains are sufficiently long this atactic arrangement does promote more complex adducts
due to a reduced steric hindrance. Based on molecular mechanics calculations on PS-Li+, PSNa+, PS-Cu+ and PS-Ag+ adducts, it has been suggested that the atactic backbone adopts a
more isotactic structure upon metal cation binding, which is suggested as well to form more
stable complexes when this occurs in the middle, rather than the edges, of the polymer
chain [644].
Looking at the DCTB adducts that were formed (Figure 7.2) and assuming polystyrene’s
phenyl rings to behave similarly, it is more likely that Cu+ coordinates with one or two PS
phenyl rings and that Ag+ would only require one ring to form a stable complex.

7.3.10 Ligand field theory
Alternatively, in case of transition metal complexes, ligand field theory can be used to
explain the PS-cation bonding. The ligand field theory employs the non-bonding metal dorbitals with the appropriate geometries for π-interactions, where the ligands π-bond
electrons end up in the combination of these metal ion d-orbitals and, in this case, the
phenyl ring’s anti-bonding π*-orbitals [623]. The lower the oxidation state of the metal
cation, the more destabilized the d-orbitals will be, making them more available for back
donation, which would explain why only singly charged adducts are observed [623]. The less
electropositive transition metals, such as copper and silver, on the right side of the periodic
system have more destabilized d-orbitals and are therefore better at forming complexes
through π-backbonding [623]. Finally, when moving down a group of transition metals from
the first to the second row (e.g. from copper to silver), the valence electrons are better
shielded from the nucleus and will be more easily lost; this shielding effect is smaller when
moving from the second to the third row (e.g. from silver to gold), because the f electrons
shield less effectively [623]. This trend supports higher oxidation states for the heavier
transition elements, reducing the transition metal ion’s ability to engage in π-backbonding
[623]. These descriptions support the observed polymer adducts for the different salts
applied on the stainless-steel target plate (Appendix II, Figure II.7.8).
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7.3.11 Relation to the polar fluid model
Our observations also provide some insight in terms of the time interval and location
where these reactions occur: when PS, and perhaps DCTB, already coordinate with the
surface atoms and cations are being liberated from the target plate material, the redox
reactions must occur either during the laser pulse or within some tens of nanoseconds
afterwards when the MALDI plume starts to develop. Perhaps these processes occur during
a fluid phase, before ablation has occurred and PS can scavenge the freshly generated target
plate metal ions, thereby pointing in the direction of a polar fluid model [475]. The
cationizing agents would then be acting as electron transporters, temporarily storing the
electrons taken from the substrate material atoms.

7.4

Conclusions

From this work three important conclusions can be drawn:
1.

2.

3.

Salts of less noble metals than the target plate material, added as cationizing
agents, can liberate Cu+ and Ag+ cation from their respective Cu0 and Ag0 MALDI
target plates. These otherwise non-spontaneous redox reactions are enabled by
the energy imparted by the laser pulse. The liberated ions subsequently form
complexes with PS and DCTB.
The availability of cations to form PS adducts is determined by the (laser-induced)
redox reactions that can occur in the chosen cation/target plate material system
(probably controlled by the sample layer thickness and the standard reduction
potentials), the matrix’s ability to form adducts with the chosen cations, and the
character of the salt’s anion and its ability to form salt clusters. In case redox
reactions have not occurred spontaneously during the sample preparation
process, they will occur during the MALDI experiment due to the extra energy
supplied by the laser photons.
When redox reactions between target plate and cationizing agents occur, the
adduct formation is probably aided by PS complex formation with the cations
present and/or with the target plate material prior to the MALDI experiment, as
was shown for copper. These results give additional insights into the ion formation
mechanism(s) in MALDI-MS.

145

146

8

MALDI

application

II:

chlorophyll

and

phthalocyanine
The aims of this study were to investigate the influence of the target plate material’s
resistivity on the anion formation of chlorophyll a (Chl a) and phthalocyanine (Pc) and to
study the formation of cation complexes with these molecules on stainless steel in the
presence of several different cationizing agents (several metal chloride salts). Furthermore,
we aimed at repeating these experiments on copper, zinc, aluminum and silver-coated
stainless-steel substrates to see whether laser-induced redox reactions led to the formation
of different products. By comparing these data quantitatively, any cation preference these
model compounds might have could then be established.
The idea to study Pc sprung from Chl and its coordinated magnesium ions, which can be
readily replaced by bivalent copper and zinc ions. The occurrence of laser-induced redox
reactions forming bivalent cations could then be studied by looking at the formed metal ion
complexes observed for the properly chosen metal surface and cationizing agent
combinations in the presence of Chl or Pc. Such redox reactions would have major
implications for the proper assignment of the observed species in MALDI in routine analysis
of metal cation coordinating species.
Unfortunately, we found that for the sample spray deposition method chosen, Chl a is too
labile for quantitative studies and hence we moved on to Pc. At the time, unfortunately, the
detector potential was set too low. Increasing the MCP voltage is required to compensate
for its ageing, to be able to discern any proper trends regarding the complexes found. The
impaired functioning of the MCP detector was discovered too late to measure all the
samples again, but this project might still prove to be a nice subject for future Ph.D. and
Master students and hence the rationale for this study will be outlined below, starting with
an introduction on Chl and Pc, and followed by the applied procedures and the observed
Chl fragment ions and metal cation phthalocyanine complexes (MPcs).

8.1

Chlorophyll a

The role of chlorophyll (Figure 8.1) in our daily lives cannot be emphasized enough and is
probably routinely underestimated. Chlorophyll and its derivatives are at the basis of most
biological and chemical processes and their proper identification is therefore a major point
of interest. The photosynthesis that Chl enables is at the root of our energy supplies and
hence our lives. This process and the effects of environmental (stress) factors thereon have
been subject of many studies looking into different cyanobacteria [645], algae and plant
species.
Four methine bridges connecting four ‘pyrrole-type’ rings give rise to a macrocycle, called
the porphine nucleus: a structure that was first suggested in 1912 [646]. The porphyrin
macrocycle acts as an ampholyte with two pyrrolenine nitrogen atoms capable of accepting
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protons and two –NH groups capable of losing them [647]. Porphyrin and chlorin (missing
one double bond in the one of the pyrrole rings) compounds are classified according to the
side-chains of the cyclic tetrapyrrole structure; these side-chains influence the macrocycle’s
electronic properties and therewith the basicity of the ring nitrogens [647].
Depending on the cation, removing either one or two of the protons attached to the two
pyrrolenine nitrogen atoms leaves room for the formation of metal cation complexes. When
a Mg2+ is now introduced to coordinate with the two nitrogen atoms, the basis for the Chl
structure is laid. The addition of some specific side groups (e.g. the methyl group at the C-7
position, indicated by R in Figure 8.1) and the esterification of the propionate carboxyl
group with the C20 alcohol phytol completes the structure of Chl a; observed fragmentation
sites have been indicated. Ionization potential of Chl a was found to be 6.1 ±0.2 eV [648].
Changing the coordinating Mg2+ in the chlorin ring with yet another cation, changes the
wavelengths at which it can absorb light and therewith the color of the molecule as a whole
[647]. In some cases, a single proton remains bound, leaving the option of coordinating
singly charged cations. Chl has been shown to be capable of cation exchange with copper
and zinc, opening new possibilities for its usage [649-651]. Pyrrole pigments (including Chl
and its derivatives) are the most abundant coloring agents in nature [647]. Chlorophyll and
its derivatives are therefore often used as food additives in their natural form (E140), as well
as derivatives and in the form of copper complexes (E141) [652]. This has sometimes led to
food adultery and therefore routine checks are carried out [653, 654]. As a zinc complex,
Chl has been of major interest in the field of photovoltaics [655, 656].

Figure 8.1: The chemical structure of chlorophyll a (MM: 892.535 Da) from Anacystis
nidulans algae (free of chlorophyll b) The dotted line indicates the bond that is broken upon
the loss of the phytyl group (279.305 Da), resulting in a chlorophyllide (MM: 614.238 Da forchlorophyll a).
Besides nuclear magnetic resonance and electronic absorption spectroscopy [657-659],
mass spectrometry has been employed for Chl identification, since it is capable to provide
valuable data on minute sample quantities. Therefore, several research groups have applied
MALDI-MS for Chl identification [660-662]. Using 1,5-diaminonaphthalene (DAN) as a matrix
to study chlorophyll a (Chl a) with matrix-assisted laser desorption/ionization mass
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spectrometry (MALDI-MS) was recently shown to be an improvement [663]. DAN (ionization
energy: 6.74 ±0.2 eV [525]), in contrast to other MALDI matrices, was shown to yield M+,
rather than MH+ cations [526]. This is particularly advantageous when combining this matrix
with Chl a measurements, as it does not abstract or add protons to the ring’s nitrogen
atoms.
Plant copper homeostasis has been of great scientific interest, while a copper deficiency
or excess adversely affect plant growth and development [664]. Under physiological
conditions Cu+ or Cu2+ can act as cofactors or form an integral part of important enzymes
[664]. Copper ions are required for various important processes in (photosynthesizing)
species and therefore the copper balance within most organisms is highly regulated [664668]. The presence of copper in plants will therefore lead to additional complications when
studying Chl by MALDI-MS, since cation exchange reactions can occur during the MALDI
process, especially if a copper cation preferentially binds to Chl over Mg2+.

8.2

Phthalocyanine

Phthalocyanine (Pc) constitutes an extended porphyrin ring, as shown in Figure 8.2.
Porphyrin and its derivatives have been extensively studied with mass spectrometry for
many decades [669, 670]. Pc and its (metal-complexed) derivatives (MPcs) form an
important compound class in industrial dye and catalytic processes [671]. Their extended
conjugated π-systems enable UV-visible light absorption and are remarkably stable and
hence they have been successfully analyzed with (matrix-assisted) laser
desorption/ionization [672]. To prevent complexed-metal loss, matrix-assisted laser
desorption/ionization has been employed with various matrices. Additionally, MPcs have
been used as matrices themselves, forming complexes with small analytes to enable their
MALDI analysis without the occurrence of matrix signal overlap [673].

Figure 8.2: The chemical structure of the β-form of 29H,31H-Phthalocyanine (left; MM:
514.165 Da; MP: >300 °C) and its metal complexed form MPc (right; MM: 512.150 Da +
monoisotopic mass of M).
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To verify the trends established in Chapters 6 and 7 and in the view of its rigidity and
cation complexing ability, phthalocyanine was chosen as a model compound. To reduce the
amount of fragmentation and to enhance the signal-to-noise ratio, all-trans-retinoic acid
(ATRA) was employed as a matrix.

8.3

Laser-induced redox reactions between cationizing

agents and target plate material
In Chapter 7 it was shown that copper substrates can interact with added cationizing
agents in laser-induced redox reactions to yield Cu+ cations, which formed adducts with
matrix (DCTB) and analyte (polystyrene) in MALDI-MS measurements. Since chlorophyll
requires a bivalent cation for complex formation with its chlorin ring, Cu2+ rather than Cu+
needs to be formed in these redox reactions in the case of copper substrates. Therefore,
studying the cation exchange in chlorophyll when deposited on different target plate
materials in the presence and absence of different salts can reveal whether additional redox
reactions are occurring at the target plate interface.
The formation of Zn2+ adducts with Chl, through either Zn salt addition or through the
addition of a non-complexing salt in combination with a zinc substrate makes an interesting
study subject as well. Finally, the formation of Chl radical anions and its relation to the
substrate material used, analogous to the fullerene-C60 study, was also of interest.
In Chapter 7 salts were found to form adducts, because the cations could coordinate with
the deposited molecules and form the appropriate three-dimensional structures with the
valence they possessed. The planar structures of Chl a and Pc, however, pose different
geometrical requirements, enabling a different set of cations to fulfill the role of the
magnesium cation, normally present in Chl a, or to fit within the Pc ring.
For Chl a, those cations with a bivalent charge and the capacity to form planar structures
are more likely to be incorporated in the chlorin ring, especially when their ionic radii are
similar to that of the Mg2+ ion (72 pm) [159]. Values reported for the ionic radii of Cu2+ and
Zn2+, in a square planar conformation, are 57 and 60 pm, respectively [159], slightly smaller
than Mg2+. Other bivalent ions, such as Ca2+, Cr2+, Mn2+, Fe2+, Co2+ and Ni2+, could in principle
also form complexes with chlorophyll (see Table 8.1, where their respective coordination
numbers and ionic radii are summarized). And indeed Ni2+ (and V2+ for that matter)
complexes with chlorophyll degradation products are often found in crude petroleum oils,
bituminous sands and asphaltic materials [647, 674]. The existence of many
metalloporphyrin complexes has already been previously documented in the first half of the
20th century of the following non-exhaustive list: M(Xn): Na, K, Mg, V, Mn, Fe, Co, Ni, Cu, Zn,
Cd, Ag, Sn, Tl, As, Pb, Cd, Al, Ga, In, Ge, Sb, VO, CoCl, GaCl. GeCl2, InCl, SnCl2, Hg and TlCl
[675-679].
A wide range of metal clusters with the structurally similar phthalocyanine is also known
[680], which includes complexes with (combinations of) two univalent elements, such as H,
Li, Na and K.
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Table 8.1: Overview of the tested cationic species, which could potentially coordinate with
Chl a, their ionic radii and coordination numbers. For comparison H (* covalent radius) has
been included [159].
Cation
Ionic radius (pm)
Coordination number of the ion
H
37*
Li+
76
6
Na+
102
6
K+
138
6
Rb+
149
6
Mg2+
72
6
Ca2+
100
6
V2+
79
6
(V3+)
(64)
(6)
Cr2+
73
6 (low spin)
80
6 (high spin)
Mn2+
67
6 (low spin)
83
6 (high spin)
Fe2+
61
6 (low spin)
78
6 (high spin)
(55)
(6 (low spin))
(Fe3+)
(65)
(6 (high spin))
Co2+
65
6 (low spin)
75
6 (high spin)
Ni2+
55
4
44
4 (square planar)
69
6
Cu2+
57
4 (square planar)
73
6
Zn2+
60
4
74
6
Al3+
54
6
Our research set out to combine DAN and Chl a, as well as ATRA and Pc MALDI-MS
measurements, with a couple of different target plate materials and cationizing agents to
study the influence of cation exchange and possibly occurring redox reactions between that
target plate and cationizing agents, giving rise to unexpected complexes with Chl a and Pc.
Observing which complexes are being formed on a stainless-steel plate will provide some
insight into the cation requirements for complex formation during the MALDI experiment.
This study was intended to provide guidelines for studying cation adduct formation of Chl
a and Pc and to create awareness regarding the possible bias the MALDI method might
cause, especially when porphyrin and its derivatives are studied in the presence and
absence of coordinating cations, resulting from either added cationizing agents or from the
target plate.
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Additionally, we were interested in monitoring the formation of the radical anion when
varying the target plate material to verify any trends based on the substrate’s electrical
resistivity, as was shown in Chapter 6. Unfortunately, due to the labile character of Chl a,
no such quantitative study could be performed.

8.4

Experimental

8.4.1 Materials
Elsterglanz polish (Ahrenshof GmbH, Zwachau, Germany), n-hexane (Chromasolv® for
HPLC; ≥95%; Sigma-Aldrich® Chemie GmbH, Steinheim, Germany) and methanol
(LiChrosolv®, Reag. Ph. Eur; Merck KGaA, Darmstadt, Germany) were used to clean the
MALDI target plate inset surfaces.
The copper and stainless steel 1.4301, used for the 25.0 × 75.0 × 1.0 mm inset fabrication,
were acquired from the Department of Physics, ETH Zürich, Zürich, Switzerland. Zinc
(99.95+%) was acquired from Goodfellow Cambridge Ltd., Huntingdon, United Kingdom.
Copper tape (6.0 mm wide, thickness 0.07 mm; Scotch 1181), used to secure the MALDI
target plate insets, was purchased from 3M GmbH, Rüschlikon, Switzerland. Caesium iodide,
99.9%, for analysis, Acros Organics, Geel, Belgium, was used for calibration purposes [524].
Chlorophyll a (Chl a) from Anacystis nidulans (chlorophyll b-free) algae was purchased
from Sigma-Aldrich® Chemie GmbH, Buchs, Switzerland. A 0.1 mM Chl a solution in diethyl
ether (99.5%; extra dry over molecular sieve, stabilized, Acros Organics, Geel, Belgium) was
prepared and stored in a dark flask under nitrogen atmosphere at −20 °C.
29H,31H-phthalocyanine (H2Pc; β-form, 98%) was purchased from Sigma-Aldrich® Chemie
GmbH, Steinheim, Germany and a 0.1 mM in THF (≥99.9%; inhibitor-free, Chromasolv® Plus,
for HPLC, Sigma-Aldrich® Chemie GmbH, Steinheim, Germany) was prepared.
A 30.0 mM 1,5-diaminonaphthalene (DAN; 97%, Alfa Aesar®, Karlsruhe, Germany)
solution in THF was prepared for the Chl a measurements and a 10.0 mM all-trans-retinoic
acid (ATRA; >98%; Tokyo Chemical Industry Europe N.V., Zwijndrecht, Belgium) solution in
THF for the Pc measurements.
The salts, to study adduct formation with Pc were chosen such that they all possessed the
same anion, namely chloride. The following chloride salts were acquired: lithium chloride
(Reagent plus® 99%; Sigma-Aldrich® Chemie GmbH, Steinheim, Germany), sodium chloride
(Mallinckrodt Baker B.V., Deventer, the Netherlands), potassium chloride (≥99.5%; Fluka
Chemie AG, Buchs, Switzerland), rubidium chloride (≥99.0%, microselect for molecular
biology; Fluka Chemie AG, Buchs, Switzerland), magnesium chloride (98%; Fluka Chemie AG,
Buchs, Switzerland), calcium chloride (VWR International AG, Dietikon, Switzerland),
vanadium(III) chloride (99%; Acros Organics, Geel, Belgium), chromium(II) chloride (Riedelde-Haën® GmbH, Sigma-Aldrich® Chemie GmbH, Seelze, Germany), manganese(II) chloride
(≥99%; Sigma-Aldrich® Chemie GmbH, Steinheim, Germany), iron(II) chloride (99.5%; abcr
GmbH & Co. KG, Karlsruhe, Germany), iron(III) chloride (≥98%; Sigma-Aldrich® Chemie
GmbH, Steinheim, Germany), cobalt(II) chloride.6H2O (>98%; Acros Organics, Geel,
Belgium), nickel(II) chloride (99.99%; Sigma-Aldrich® Chemie GmbH, Steinheim, Germany),
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copper(II) chloride.2H2O (≥99.99%; Sigma-Aldrich® Chemie GmbH, Steinheim, Germany),
zinc(II) chloride (≥98%; Fluka Chemie AG, Buchs, Switzerland) and aluminium chloride.6H2O
(99%; Merck KGaA, Darmstadt, Germany). To ensure enough cationic species were available
for adduct formation 30.0 mM salt solutions were prepared with H2O (extra pure, deionized,
Acros Organics, Geel, Belgium).

8.4.2 Sample preparation and deposition
Before each new sample deposition, the remaining sample material on the insets was
removed with a tissue dipped in ethanol. The insets were subsequently cleaned with
Elsterglanz polish, followed by 10 min sonication in hexane and 10 min sonication in
methanol.
To avoid artifacts arising from the conventional dried-droplet method [681, 682] and to
enhance reproducibility the pneumatic deposition, as described in previous chapters was
employed.

8.4.2.1 Chlorophyll a deposition
A few difficulties in handling Chl a are noted here. Due to the insolubility of Chl a in THF,
a stacked layer deposition approach was chosen. The 30.0 mM salt and 30.0 mM matrix
solutions were mixed in a 1:1 v/v ratio. The salt/matrix solutions were applied to the
substrates first, followed by the 0.1 mM chlorophyll solution. Due to the photolabile and
oxidative nature of chlorophyll a, all steps were carried out with minimal light exposure and
with anhydrous solvents were used to prevent oxidation. To reduce the latter even further,
pure N2 gas was used as the sheath gas for spray deposition of the air-sensitve Chl a.
Between spraying rounds, the capillary, syringe and ESI source were cleaned to prevent
any carry-over effects. Between salt solution application rounds this was done by flushing
180 µL H2O through the system to get rid of any remaining salts. Before Chl a/matrix
application this was followed by 180 µL diethyl ether at an 8 µL min−1 flow rate to
equilibrate the system.
The salt/matrix and the Chl a solutions were subsequently pumped through an
electrospray source (Waters AG, Dättwil, Switzerland; 0 kV; 5.0 bar pressurized air for the
salt/matrix solution and 1.5 bar pressurized N2) at a 64.0 µL min−1 flow rate by a Harvard
apparatus syringe pump (type 22), resulting after 3 s spray time in a smooth stacked
deposition on a surface with roughly a 5 mm diameter, which was reduced to a ø 3 mm
sample spot surface by means of the custom-made Teflon® sliding masks system. This,
together with an automated Thorlabs 3D stage, enabled the reproducible application of 20
spots in a 2 × 10 array for each substrate inset.

8.4.2.2 Phthalocyanine deposition
For the Pc study the salt solutions were pneumatically deposited first, followed by the
pneumatic deposition of the ATRA matrix mixed with the Pc solution (both with 5.0 bar
pressurized air). The 30.0 mM salt solution was applied at a 8.0 µL min−1 flow rate. The 10.0
mM ATRA and 0.1 mM matrix solutions were mixed in a 1:1 v/v ratio and were applied on
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top of the salt layer at a 32.0 µL min−1 flow rate, resulting in a 1:100:150 Pc/ATRA/salt
molar ratio.

8.4.3 Instrumentation
MALDI-TOF experiments were carried out on an Autoflex I MALDI-TOF mass spectrometer
(Bruker Daltonics, Bremen, Germany; nitrogen laser MNL 100, Lasertechnik Berlin, λ: 337.1
nm, typical pulse full width at half maximum (FWHM): 3 ns, repetition rate: 50 Hz) equipped
with the flexControl software (version 3.3; build 108).
All experiments were carried out in threefold, averaging (3 × 8 =) 24 spectra. Each sample
spot was scanned in a 10 × 10 array (0.81 mm2), where the distance between array spots
was 100 µm. Each array spot experienced 25 laser pulses, leading to complete sample
material ablation, exposing the substrate material. Per sample spot, 2500 laser pulses were
fired (25 per array spot) and spectra recorded over a m/z 100−2000 range for Chl a and over
a m/z 0−2000 range for Pc. To avoid unnecessary fragmentation, the laser fluence was set
to the relatively low values of 234 mJ cm−2 for Chl a and 78 mJ cm−2 for Pc.
The following potentials were applied for the Chl a measurements in positive mode: target
plate (ion source 1): 20.00 kV; extraction plate (ion source 2): 17.40 kV; lens: 7.00 kV;
reflector: 20.00 kV; reflectron mode microchannel plate detector: 1.40 kV. A pulsed ion
extraction (PIE) time of 20 ns was applied and the electronic gain was set to 100 mV.
Experiments in negative mode did not yield any useful results, though various parameters
were investigated.
The following potentials were applied for the Pc measurements in positive mode: target
plate (ion source 1): 20.00 kV; extraction plate (ion source 2): 17.95 kV; lens: 7.30 kV;
reflector: 20.00 kV; reflectron mode microchannel plate detector: 1.40 kV. A pulsed ion
extraction time of 60 ns was applied and the electronic gain was set to 100 mV.
For all measurements matrix suppression was switched off, as well as any background
correction and real-time smoothing. The operating pressure was always <3.0 × 10−6 mbar.
The optimized parameter values were established for the Chl a/DAN mixture and the
Pc/ATRA mixture when spray-deposited on a stainless-steel substrate in the absence of
cationizing agents.

8.4.4 Data processing
The raw data from the Autoflex I were converted to .txt-files in flexAnalysis (version 3.3;
build 80). These were subsequently processed by ion-specific MATLAB-scripts, which
resampled and integrated the spectra over the m/z regions of interest and averaged the 8
measured sample spots to obtain the mean ion signal intensity and standard deviation for
each condition tested. In case the experiments were carried out in threefold, the average
and the standard deviation were evaluated accordingly.
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Figure 8.3: A) Positive ion mode MALDI mass spectrum of Chl a and DAN spray-deposited
onto stainless steel at a 234 mJ cm−2 laser fluence and a 20 ns PIE. B) Magnified view of Chl
a (fragment) ions. Note the loss of the phytyl moiety (C20H39), resulting in chlorophyllide (see
Figure 8.1). C) Magnified view showing the isotopic envelope of Chl a.
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8.5

Chlorophyll results

Despite the careful handling of Chl a during sample preparation and sample deposition,
we unfortunately found that Chl a is too labile for the studies we wished to conduct. Despite
three precautions undertaken, namely, working in the dark, using N2 as pressure gas, and
storing solutions according to the published procedures, evidence for significant sample
degradation was found.
In positive ion mode (Figure 8.3), the peak that was assigned to Chl a varied significantly
in strength and was absent in most samples. Cationic fragment ions were identifiable; their
likely chemical structures are shown. Unfortunately, the data were only of qualitative use.
Repeating the experiments led to exceedingly high standard deviations, which rendered
quantitative statements impossible.
The radical anion of Chl a could not be observed, which means that any relationship
between the target plate material’s conductive properties and the signal strength of the
radical anion could not be established.

8.6

Phthalocyanine-metal cation complex formation

The results obtained with Pc as analyte were more promising, as shown in Figure 8.4. The
Pc precursor cation was clearly visible, as well as some matrix cation complexes. The MPcs,
however, were of such low intensity that quantification of the signal was too ambiguous to
draw any conclusions from them regarding Pc’s preference to form them. The low intensity
rendered further measurements on different target plate materials unnecessary. The
complexes formed with ATRA and Pc are listed in Table 8.2. These MPc complexes were
observed despite the insufficient detector potential. Perhaps more metal complexes could
have been observed for the remaining tested salts (Na, K, V, Vr, Fe, Ni, Zn and Al), if the
detector potential had been increased. The spectra of the MPc complexes are shown in
Figure 8.5. In some cases the spectra were either not calibrated well enough, or an
additional proton may still have been present. The isotopes of the cations forming adducts
with Pc and their mass intensity are listed in Table 8.3.
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Table 8.2: Overview of the formed matrix (M-ATRA) and phthalocyanine (MPc) metal
complex cations during the MALDI process on stainless steel: + (formed), − (not formed).
Salt
M-ATRA
MPc
LiCl
+
+
NaCl
+
−
KCl
+
−
RbCl
+
+
MgCl2
+
+
CaCl2
+
+
VCl3
−
−
CrCl2
−
−
MnCl2
+
+
FeCl2
−
−
FeCl3
−
−
CoCl2
+
+
NiCl2
−
−
CuCl2
+
+
ZnCl2
+
−
AlCl3
−
−
Table 8.3: Overview of the isotopes of the coordinating metal cations and their mass
intensity.
Element
Isotopes (Da)
Mass intensity (%)
Li
6
8.0
7
100
Rb
85
100
87
38.6
Mg
24
100
25
12.7
26
14.1
Ca
40
100
42
0.67
43
0.14
44
2.15
48
0.20
Mn
55
100
Co
59
100
Cu
63
100
65
44.6
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Figure 8.4: A) Positive ion mode MALDI mass spectrum of Pc and ATRA spray-deposited onto
a layer of spray-deposited CaCl2 on stainless steel recorded with a 234 mJ cm−2 laser fluence
and a 60 ns PIE. B) Magnified view of the Pc ions. Note the small peak corresponding to the
complex of Pc with Ca2+. C) Magnified view showing the isotopic envelope of the Ca-Pc
complex cation.
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Figure 8.5: Positive ion mode MALDI mass spectra showing the measured isotopic
distribution of the various observed cationic MPcs. From top to bottom Pc complexes with
Li, Rb, Mg, Ca, Mn, Co and Cu, are shown; the monoisotopic mass and the abundance of the
most abundant isotope combination of each complex are reported in parentheses.
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8.7

Conclusions and outlook

Unfortunately, the difficulties encountered when conducting the measurements
presented in this chapter precluded the possibility of publishing the results. However, some
of the data are promising, such as the observed Chl a cations and the phthalocyanine-metal
cation complexes listed in Table 8.2.
With hindsight, we can conclude that the measurements failed on two accounts:
1.

2.
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In the case of chlorophyll, the stability of the molecule simply was not sufficient
to ensure statistically relevant and comparable data for all the measurement
conditions. We did, however identify chlorophyll and perhaps if all the sample
preparations and measurements can be carried out in an oxygen-free
environment this stability problem can be circumvented.
The detector potential (1.40 kV) was too low to efficiently detect the generated
ions. Unfortunately, I discovered too late that the detector had aged over time in
order to repeat all the measurements. However, this work makes a good starting
point for future Ph.D. and Master students to continue the study of
phthalocyanine-metal cation complexes and redox reactions occurring at the
metal target plate interface.

9

MALDI application III: phosphate anion

formation
9.1

Introduction

To learn more about anion formation in MALDI, a systematic study, based on varying
target plate material and matrix was conducted, in the presence and absence of diphenyl
phosphate (DPP). This analyte was chosen as a model compound, since many biologically
relevant molecules contain phosphate groups, or can become phosphorylated and
subsequently negatively charged upon deprotonation, such as, for example, nucleotides
and phospholipids. Additionally, DPP does not absorb in solution at the laser wavelength
used (337.1 nm) and does not sublimate in vacuum. For the MALDI experiments an atypical
mixing ratio of matrix and analyte (1:1) was chosen. This enabled application of sufficiently
thin sample layers to leave the target plate material partly exposed and prevented the
analyte concentration to drop below the limit of detection.
Previously, we have shown that the fullerene-C60 (C60) molecular and fragment anion
yields can be greatly enhanced when a target plate material of low thermal conductivity and
high electrical resistivity is chosen [524] and that redox reactions involving the target plate
material can occur during the MALDI experiment [683]. Here we extended our previous
observations for C60 to a wider set of target plate materials and to other matrices, including
9-aminoacridine (9AA) [533], as well as several less familiar matrices: 9-cyanoanthracene
(9CA) [684], 9-nitroanthracene (9NA) [534, 535], anthraquinone (AQN) and benzo[1,2-b:4,5b']dithiophene-4,8-dione (BDTD). The latter two matrices employ electron attachment,
analogous to fullerene-C60, to become anionic.
By comparing the matrix molecular anion and the analyte molecular anion signal
intensities for a carefully chosen extraction delay time and laser fluence range, the influence
of matrix and target plate material on proton loss from the analyte was determined.
Additionally, when a matrix molecular anion peak of sufficient intensity was detected, we
compared the respective anion yields in a laser desorption/ionization (LDI) setting, as well
as in the presence of diphenyl phosphate (MALDI). To create a DPP molecular anion its
hydroxyl proton must be abstracted in an acid/base reaction. By comparing the DPP
molecular anion signal strength on the different target plate materials of varying physical
properties and in the presence of the aforementioned matrices, we show its strong
dependence on the target plate material, while, in comparison, the matrix had a relatively
limited influence.
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9.2

Experimental

9.2.1 Materials
The target materials tested (see Appendix I, Table I.9.1 for their respective physical
properties) were beryllium copper, brass, phosphor bronze, copper, iron, aluminum,
tungsten, molybdenum, tantalum and 1.4301 stainless steel (all acquired from the
Department of Physics, ETH Zürich, Zürich, Switzerland), as well as inconel 625
(Ni61/Cr22/Mo9/Fe5), invar (Fe64/Ni36), silver (99.95+%), zinc (99.95+%) and
titanium/aluminum/vanadium (Ti90/Al6/V4) (acquired from Goodfellow Cambridge Ltd.,
Huntingdon, United Kingdom) and lead (99.8%), nickel (99.5%) and tin (99.8%) (acquired
from Alfa Aesar, Thermo Fisher (Kandel) GmbH, Karlsruhe, Germany). 40–50 µm thick layers
of chromium and gold were electroplated onto stainless-steel plates (Galvotec GmbH,
Schöfflisdorf, Switzerland). Gallium (ø 3 mm gallium shot; 99.999% pure; Cerac® specialty
inorganics; Socochim SA, Lausanne, Switzerland) was molten and cast in a custom-made
Teflon® mold and cut to size.
The different target materials were cut to dimensions of microscopy slides (1.0 × 25.0 ×
75.0 mm) and were inserted into a milled-out cavity of the Autoflex target plate, where they
were secured with copper tape (6.0 mm wide, thickness 0.07 mm; Scotch 1181, purchased
from 3M GmbH, Rüschlikon, Switzerland).
The following solvents were used to prepare the sample solutions and to clean the target
plate insets: xylene, mixture of isomers (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany); hexane, Chromasolv, for HPLC, ≥95% (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany); methanol, LiChrosolv, Reag. Ph Eur, 99.9% (Merck KGaA, Darmstadt, Germany);
chloroform, for HPLC, stabilized with amylene (Fisher Scientific, Loughborough, United
Kingdom).
Caesium triiodide, ≥99.9% (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), and trans2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB), ≥98% (SigmaAldrich Chemie GmbH, Buchs, Switzerland), were used for calibration [524].
The following matrices (see Figure 9.1) were purchased: fullerene-C60 (C60), >99.5% (Tokyo
Chemical Industry Europe N.V., Zwijndrecht, Belgium); 9-aminoacridine (9AA), ≥99.5%
(Sigma-Aldrich Chemie GmbH, Buchs, Switzerland); 9-nitroanthracene (9NA), 93% (SigmaAldrich Chemie GmbH, Steinheim, Germany); 9-cyanoanthracene (9CA), 98% (Alfa Aesar,
Karlsruhe, Germany); anthraquinone (AQN), ≥99% HPLC (Sigma-Aldrich Chemie GmbH,
Buchs, Switzerland); Benzo[1,2-b:4,5-b']dithiophene-4,8-dione (BDTD), >98% GC (Tokyo
Chemical Industry, Eschborn, Germany).
The analyte, diphenyl phosphate (DPP; see Figure 9.1), >99.0%, was acquired from Tokyo
Chemical Industry Europe N.V., Zwijndrecht, Belgium.

9.2.2 Sample preparation
Sample solutions for LDI (0.25 mM) were prepared by dissolving the matrices, or DPP, in
either xylene (C60), methanol (9AA) or chloroform (DPP, 9NA, 9CA, AQN and BDTD),
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depending on their solubility. Since DPP does not absorb well in solution, we initially
thought that a matrix would be required for successful ionization and that LDI on DPP alone
would be difficult. Therefore, MALDI sample solutions were prepared by mixing a DPP stock
solution with matrix stock solutions in a 1:1 molar ratio to yield a 0.25 mM matrix and
analyte solution. Of course, this mixing ratio does not resemble a typical MALDI sample.
Smaller analyte quantities, however, would make drawing unambiguous conclusions
difficult due to increasing standard deviations. Therefore, to enable studying the influence
of the target plate material by reducing the sample layer thickness and thereby leaving the
target plate surface partly uncovered, was done at the expense of the deposited matrix
quantity.

Figure 9.1: Investigated matrices: fullerene-C60 (C60), 9-aminoacridine (9AA), anthraquinone
(AQN), benzo[1,2-b:4,5-b']dithiophene-4,8-dione (BDTD), 9-cyanoanthracene (9CA), 9nitroanthracene (9NA) and the analyte diphenyl phosphate (DPP).
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9.2.3 Sample deposition
Before each new sample deposition round, the remaining sample material on the insets
was removed with a tissue wetted with ethanol. Non-plated insets were subsequently
cleaned with Elsterglanz polish (Ahrenshof GmbH, Zwachau, Germany). All insets were
cleaned by 10-min. sonication in chloroform, followed by 10-min. in hexane, and by another
10-min. sonication in methanol. The last sonication step in methanol was omitted for Sn
and Pb to prevent additional oxidation.
To enhance deposition reproducibility, all the molecules selected for deposition were
dissolved in one solvent system, as previously described, and spray-deposited
simultaneously. Matrix and analyte solutions and the combinations thereof were applied
through pneumatically assisted spray deposition, as described in Chapter 4. Between
deposition rounds, the capillary, syringe and ESI source were cleaned to prevent any carryover effects, by flushing with 200 µL xylene, methanol and chloroform at a 40.0 µL min−1
flow rate. The solutions were deposited using an electrospray source (Waters AG, Dättwil,
Switzerland; no potential applied; 5.0 bar pressurized air sheath gas flow) and a Harvard
apparatus syringe pump (type 22) operated at a 40.0 µL min−1 flow rate. A custom-made
system of sliding Teflon masks reduced the exposed target plate material of each sample
spot to ø 3.0 mm. This mask system, together with an automated Thorlabs 3D stage moving
at 1 mm s−1, equals 3 seconds spray time per sample spot and results in the reproducible
deposition of 10 spots in a single row for each substrate material. If one takes these
deposition parameters and a 0.25 mM solution concentration into account, and assumes a
homogeneous layer and no material loss outside the sample spot, this results in depositing
1.0 × 1011 molecules µm−2.

9.2.4 Mass spectrometry

MALDI-TOF experiments were carried out on an Autoflex I MALDI-TOF mass spectrometer
(Bruker Daltonics, Bremen, Germany; Compass for flexSeries 1.3 software suite; nitrogen
laser MNL 100, Lasertechnik Berlin, λ: 337.1 nm, typical pulse full width at half maximum: 3
ns, repetition rate: 50 Hz, mean pulse energy: 144 µJ, ø ablation area: ca. 50 µm).
Each sample spot was scanned in a 5 × 5 array (1.00 mm2), where the distance between
array spots was 250 µm. 10 laser pulses, leading to complete sample material ablation,
exposing the substrate material, irradiated each array spot. Per sample spot, 250 laser
pulses were thus fired and spectra recorded over an m/z 0–2000 range. These spectra were
averaged by the flexControl software (version 3.3; build 108). The laser fluence was
stepwise varied between 0 and 3.53 J cm–2. The experiments were carried out in negative
reflectron mode and the following potentials were applied: target plate: −19.00 kV;
extraction plate: −16.75 kV; Lens: −8.40 kV; reflector: −20.00 kV; reflectron mode
microchannel plate detector: 1.549 kV. The extraction delay time was set to 50 ns (any
electronic delays following from photodiode switching are not included here), where from
previous experience with fullerene-C60 the molecular and fragment anion yield was highest
[685]. Matrix suppression was switched off, as well as any background correction and real-
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time smoothing. The electronic gain was set to 200 mV. The operating pressure was always
<3.0 × 10−6 mbar.
With a 50-µm diameter ablation area and a laser pulse energy of 144 µJ pulse−1 at 337.1
nm (3.678 eV photon−1) which is equally dispersed over the irradiated area, this equals 2.4
× 1014 photons µm−2. Therefore, for each laser pulse, the photon/(matrix or analyte)
molecule ratio is 2.4 × 103:1. At a single raster point for each sample spot 10 such pulses are
fired. The effective anion formation, however, will depend on the molecule’s electron
affinity and photon absorption cross section and the measured anion signal strength will
depend on subsequent neutralization processes occurring during the lag time between
absorption and detection.

9.2.5 Data processing
Raw data from the Autoflex I were converted to .txt-files in flexAnalysis (version 3.3; build
80). These were subsequently processed by MATLAB (ver. R2015a; 8.5.0.197613) scripts,
which resampled the spectra and integrated them over the m/z regions of interest (m/z
regions corresponding to analyte and/or matrix anions) for each experimental condition
tested (target plate material and laser fluence). Each experiment was carried out in triplicate
allowing for determining the mean ion signal intensity and standard deviation for each
condition.

9.2.6 UV absorption
Using quartz cuvettes, the molar absorption coefficient of the matrices and DPP was
determined with a Thermo Scientific Genesys 10 S UV-Vis spectrophotometer equipped
with the VISIONlite™ Fixed software (version 4.0).

9.2.7 Micro-X-ray fluorescence spectroscopy
The elemental composition of the commercial target plate, as well as the target plate
insets, was determined by X-ray fluorescence spectroscopy using an EDAX Orbis Micro-XRF
analyzer operated with the ORBIS Vision Software (EDAX Inc.; version 2.1.) and equipped
with a Rh source operated at a voltage of 35 kV and a current of 500 µA.

9.2.8 Optical microscopy

Crystal morphology, following pneumatically assisted spray sample deposition, as
previously described, on 25 × 75 × 1-mm glass microscope slides (Thermo Scientific Menzel
Gläser, Superfrost® Plus, Gerhard Menzel B.V. & Co KG, Braunschweig, Germany) was
evaluated on a Nikon Eclipse Ti-E Inverted Microscope equipped with the Nikon Laboratory
Imaging software: NIS Elements Imaging software (version 4.50.00, build 1117). The
absence of the rough metal surfaces will, of course, result in different crystallization
patterns; however, it does allow for determining general differences.
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Observed differences in crystal morphology depend most likely on the solvent, varying
solution flow rate, sheath gas pressure, and on the distance between the target plate and
the spray nozzle. To ensure equal experimental conditions, the spray procedure was kept
the same for each sample solution.

9.3

Results and discussion

9.3.1 Sample deposition on glass
The observed crystal morphologies for the tested sample solutions on the glass
microscopy slides are shown in Appendix II, Figure II.9.1. Of all matrices, C60 provides the
most homogeneous and dense crystal layer. DPP, 9AA and AQN, as well as DPP with 9AA
and DPP with AQN, show a coffee ring effect, where crystal structures formed at the edges
of the sprayed droplets. No clear 9NA crystals could be observed. 9CA and BDTD tend to
form crystal lumps. Upon mixing 9CA and DPP, needle-like crystals were observed. The same
observation, though with better contrast, was made upon mixing 9NA and DPP. The addition
of DPP to C60 did not visibly change the morphology of the dense crystallite layer. Adding
DPP to BDTD resulted in a mix of crystal lumps, as seen for BDTD, and coffee rings, as
observed for DPP, which might indicate that these two molecules do not readily cocrystallize. As previously mentioned, the formation of crystals could have been fine-tuned
had the deposition procedure not been kept the same for each solution.

9.3.2 UV absorption
Table 9.1: Matrix and DPP molar absorption coefficients at λ: 337.1 nm in solution and
matrix electron affinities [686, 687].
Molecule
Molar absorption coefficient at λ: 337.1 nm
Electron affinity
(M−1 cm−1)
(eV)
C60
8720
2.6835 ± 0.0006
AQN
3824
1.602 ± 0.005
9NA
2924
1.60 ± 0.01
9CA
2196
1.217 ± 0.005
BDTD
8440
1.895 ± 0.005
9AA
704
2.523 ± 0.001
(deprotonated)
DPP
0.0
The molar absorption coefficients for the matrices and DPP were determined at the laser
wavelength of 337.1 nm (Table 9.1). As can be seen, the analyte DPP does not absorb
appreciably at this wavelength in solution, and therefore, if the adhesion to the metal
surface and the absence of a solvent do not alter the absorption characteristics of DPP, its
ionization will depend on the presence of a matrix and/or the target plate material. With
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increasing molar absorption coefficient, one expects more efficient absorption of the laser
pulse energy. Hence, the ablation of the matrix and subsequent ionization and
fragmentation efficiencies for the various matrices examined here should rank as follows:
9AA << 9CA < 9NA < AQN << BDTP < C60.

9.3.3 Matrix electron affinity
Table 9.1 lists the electron affinity (χ) for each matrix molecule in eV determined through
high-resolution photoelectron imaging [686, 687]. It is the energy released or spent when
an electron is added to a neutral molecule in the gaseous state to form an anion. As can be
seen in Table 9.1, the addition of an electron to these matrix molecules is an exothermic
process, where 9CA < 9NA ≈ AQN < BDTP < deprot. 9AA < C60. If formation of a matrix anion
precedes proton abstraction from DPP, χ could be an important factor.

9.3.4 Micro-X-ray fluorescence analysis
The results from the target plate micro-X-ray fluorescence analysis are provided in
Appendix I, Table I.9.2. The composition of all target plate materials was confirmed. For
comparison, the commercial target plate material was found to contain: Fe (71.2%); Cr
(21.9%); Ni (6.9%); the C content could not be established.

9.3.5 Laser desorption/ionization of target material
Some target plate materials used for this study can be successfully desorbed and ionized
through laser ablation in the absence of any other molecule deposited on top of them to
facilitate the process. To verify the influence of this intrinsic target plate material anion
formation on the subsequent ionization of both the tested matrices, as well as DPP, the
target plates were measured without sample deposition after the previously described
cleaning procedure. It is plausible that polish remnants, if not effectively removed by the
sonication procedure, could still act as a means to absorb the laser energy. It is more likely,
however, that any absorption is due to the presence of a metal oxide layer, which might
allow for laser-activated electron tunneling to occur [557]. In any case, the degree of plasma
generation for each target plate material can provide additional information on the
possibility of metal-specific induced charge transfer processes.
Figure 9.2 shows photographs taken after 10 laser pulses with a fluence of 3.53 J cm−2 on
the various metals and alloys tested. Those metals with the clearest marks after ablation
also provided the most intense anion spectra. To give an impression of how the metals can
be ranked with regard to their anion formation, the spectra were integrated over the entire
m/z range examined (from m/z 1–2000). Figure 9.3a shows the kind of spectra observed for
each metal in absence of any matrix or analyte (note the offsets) and Figure 3b shows their
respective anion signal intensities upon integration for all the measured laser fluence
values.
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Figure 9.2: Photographs of the various measured target plates after ablation (10 shots per
spot) at the highest tested laser fluence (3.53 J cm−2). Soft metals, such as Ag, Pb, Al, Zn and
Sn, clearly show the laser ablation spots (ø ca. 50 µm; indicated with an arrow for Pb), for
other metals they are more difficult to discern and for Ga they appear as black dots, upon
re-solidifying. Scale bar: 250 µm.
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When the surface was ablated twice in a row at the exact same locations, without target
plate removal and re-insertion in vacuo, the observed ions virtually disappeared, indicating
that either the oxide layer had been completely removed and could not reform in the
absence of oxygen, and/or that any remaining polish agent material was completely
ablated. If it were possible to apply the sample solutions to such an annealed surface, the
influence of the oxide layer or remnants of the cleaning process could be completely
excluded. As can be seen in Figure 9.3b, soft metals such as Pb, Ag and Sn form the most
anionic species, followed by Al, TiAlV, Ni, and to lesser extent the remaining metals. The
advantage of Ag over Pb and Sn is the low amount of large cluster anions (see Figure 9.3a),
which makes it suitable to study molecules of m/z >200 unambiguously. Increasing the laser
fluence leads to the formation of ever-larger cluster anions. Most notably this effect can be
seen for Pb. Hence, larger particles (neutral or charged clusters) must be formed, which in
turn means that the contact area for reactions to occur increases. The formation of metal
nanodroplets and the ability of the target plate material to melt under the measurement
conditions, could, therefore, be a factor of importance. However, this could lead to
complications when the analyte and/or matrix can dissolve in the molten substrate.
The formation of target plate metal anions, metal oxide anions and metal complex anions,
raises questions, because in the case of alloys this might lead to discriminated leaching of
certain metal atoms from the alloy, causing the target plate composition to change over
time, which would, in turn, affect measurement standard deviations.

9.3.6 Influence of target plate material on DPP LDI and MALDI.
To get an idea of the contribution of the metals themselves to anion formation of species
other than DPP anions, the m/z 247–257 range (encompassing the isotopic distribution of
the deprotonated singly charged anion of DPP at m/z 249) was integrated for the metals
ablated without any prior sample deposition. Figure 9.4a shows this anion signal intensity
over a m/z 247–257 range as a function of laser fluence, on the bare metals.
To establish the influence of matrix addition, DPP was first ablated in the absence of
matrix. Figure 9.4b shows the anion signal intensity when only DPP is deposited on the
metal surfaces. Strikingly, DPP ionizes well, even though it does not absorb at the laser
wavelength in solution. This is probably due to interactions with the metal plasma formed
upon ablation, or – less likely – due to a shift of its optical absorption upon metal
coordination and/or due to the absence of a solvent.
As can be deduced from comparing Figure 9.4a and Figure 9.4b, the contribution of the
anions generated on the bare metal through ablation is limited when compared to the signal
intensity shown in Figure 9.4b when DPP is deposited on the metal surface. Of course, it
might be that formation of the intrinsically formed anions on the several metal surfaces is
promoted in the presence of DPP, but the spectra did not show signs of overlapping species
or aberrations of the DPP molecular anion signal, which was always present as a dominant
peak.
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Figure 9.3: (a) Target plate material anion spectra recorded at the highest laser fluence (3.53
J cm−2). (b) Triplicate spectra were integrated and averaged over a m/z 1−2000 range for
every target plate material and a range of different laser fluence values (0−3.53 J cm−2). The
resulting area under the curve (AUC), corresponding to the anion signal intensity, is plotted
against the laser fluence increase for each material tested. The legend indicates the target
plate materials from front to back.
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Figure 9.4: Anion signal strength of spectra (averaged for every target plate material,
triplicates) of (a) the bare metals and (b) the metals with DPP spray-deposited on the
surface, integrated over the m/z 247–257 range. The resulting area under the curve (AUC)
is plotted against the laser fluence for each material tested. The legend indicates the target
plate materials from front to back.
Graphs, such as those shown in Figure 9.4, for DPP in combination with the matrices are
provided in Appendix II, Figures II.9.2-II.9.9; the relative standard deviations in anion signal
intensity were found to be strongly dependent on signal intensity, and were generally larger
for weaker signals. They varied, with few exceptions, between 5−25% of their mean value.
Figure 9.5 compares the influence of the different matrices examined on the total anion
yield over the m/z 247–257 range, which encompasses the deprotonated DPP anion (249
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Da) at the highest laser fluence value tested (3.53 J cm−2). The range was made slightly
larger to allow for peak tailing (accompanied by a loss in resolution), which was observed
for the soft metals Ag, Sn and Pb, which might be due to continuing reactions of the ablated
metal cluster surfaces, leading to a slight shift in arrival time at the detector.
As can be seen in Figure 9.5, the use of Ag results in the highest DPP molecular anion
signal intensity for each matrix tested, as well as for DPP LDI, followed by Pb, Sn and TiAlV.
The ten-fold more intense DPP molecular anion signal for Ag compared to stainless steel in
negative mode is in line with a recent publication reporting a five- to twenty-fold signal
enhancement compared to stainless steel for peptides in positive mode on different metal
substrates (Al, Au, Mo, Cu, Zn, Fe, Ni and Sn were tested) [688].
The only matrices that contributed significantly to a DPP molecular anion signal intensity
increase for the silver target plate, compared to DPP LDI, were 9CA and AQN. This limited
matrix influence might, however, be due to the uncommon 1:1 matrix/analyte ratio and the
exceptionally thin sample layers, which diminishes the matrix’s role.
Some target plates showed the ablation and ionization of plate materials, for example
gold, which formed Au anions. Copper-containing metals (phosphor bronze, brass, BeCu and
Cu itself), as well as Zn showed DPP metal complex anions composed of a Cu or Zn atom and
two DPP molecules (data not shown). Therefore, in the presence of Cu or Zn, the formation
of such complexes will be at the expense of DPP molecular anion signal.
Compared to our previous results for C60 LDI [685], the electrical resistivity does not seem
to be the most significant factor for obtaining a high anion signal intensity (see Appendix I,
Table I.9.1). Rather, the softness of the metal and/or the presence of an oxide layer seem
to be the most important factors determining the DPP molecular anion signal, though Al
and Ga are exceptions. After Sn, Al provides the most anions upon ablation. Though the DPP
molecular anion signal is strong at a low laser fluence value, Al seems to prefer to form
aluminum oxide anions at the expense of DPP ionization when the laser fluence is further
increased.
The marked flattening of the DPP molecular anion signal for Pb for all tested matrices, as
well as for DPP itself, seems to indicate that maximum ionization is already reached at a
fluence near 2 J cm−2. For the highest laser fluence value, a decrease even seems to occur,
which might be due to melting processes that negatively affect the DPP ionization. The poor
performance of Ga, which liquefies upon ablation, seems to indicate that, although it is
suitable as a substrate, melting does not benefit anion formation.
Overall, metals with high melting points, such as Cr, W and Mo underperform in
comparison to stainless steel. The relatively high signal values for Ta are rather due to other
anions generated within the integrated range. Thermal conductivity and electrical resistivity
do not seem to play a major role.
When considering the composition of the commercial target plate, one might wonder
whether the reduced nickel and the increased chromium content are beneficial to anion
signal intensity when comparing this to the stainless steel used for this study.
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Figure 9.5: Overview of the relative AUC (in a.u.) upon laser ablation at the highest applied
laser fluence (3.53 J cm−2) determined for the m/z 247−257 range for (from left to right) the
bare metals (see Figure 9.4a and Appendix II, Figure II.9.2), the metals coated with DPP
alone (see Figure 9.4b and Appendix II, Figure II.9.3), and for the metals coated with DPP in
combination with the following matrices: C60, BDTD, 9CA, 9NA, AQN and 9AA (see Appendix
II, Figures II.9.4-II.9.9). The legend lists the metals from left to right for each condition. Ga
was only measured as bare metal and when coated with DPP.

9.3.7 Matrix precursor anion signal strength reduction upon DPP
hydrogen abstraction
Due to C60’s fragmentation, the well-known C2-unit loss [578], and the metal cluster anion
formation, resulting in their signal overlap in the mass range of interest (m/z 360–730), an
accurate picture of the effect of DPP addition to C60 on its (molecular and fragment) anion
signal intensity, could not be established unambiguously.
It was possible to identify the deprotonated form of 9AA, but due to 9AA’s basic character
it is unlikely that the deprotonated species takes the lead in proton abstraction from DPP.
9AA itself is neutral and upon hydrogen addition becomes cationic and could therefore not
be evaluated in negative ion mode.
9NA and 9CA did not ionize well and their molecular anions could not be properly
determined. Upon binding an extra proton, it is most likely that the resulting ion fragments
to form anthracene and hydrogen cyanide (for 9CA) or nitrous acid (for 9NA). If these
species are formed, the increase in the number of particles might be an additional entropic
driving force for the proton loss of DPP in the presence of these matrices.
AQN and BDTD allow for studying their molecular anion signal intensity when an analyte
is added. Their molecular anion signal strength in the absence and presence of DPP can be
found in the supplementary information (Appendix II, Figures II.9.10-II.9.13). Both for AQN
and BDTD a drop in signal intensity was observed in the presence of DPP, indicating that
proton abstraction from DPP by the matrix molecular anions is a viable ionization pathway.

9.3.8 (Catalytic) DPP proton transfer
We surmise that DPP could be deprotonated and become anionic in a few different ways:
1.
2.
3.

through proton donation to a neutral matrix molecule, possibly mediated by the
target plate material, yielding a matrix cation;
due to proton transfer to a matrix anion or a target plate material-derived anion,
yielding a neutral protonated species;
through proton donation to an atom of the (negatively charged) metal surface.

In concerted electron−proton transfer (CPET), hydrogen-bond preassociation of the
reactants is followed by the concerted proton-electron transfer and subsequent separation
of the products. CEPT is used to describe reactions and half reactions in which both protons
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and electrons are transferred without regard to mechanism [689]. CPET reactions are widely
known to occur in solution. We speculate that the state in which the initial charge
separation in (MA)LDI occurs, might be characterized as a fluid state during which the CPET
reactions may occur. In this case, the hydrogen-bond preassociation of the reactants (matrix
and analyte) in combination with a metal surface that can act as a catalyst, could be
envisioned. This would explain the substrate material-dependent difference observed: one
target plate material being a better catalyst than the others, leading to a higher DDP anion
yield. In the absence of the matrix, the proton is most likely to end up on the metal surface
and hence it depends on the metal whether this can sustain the presence of an additional
hydrogen coordinating with its surface and perhaps its ability to form H2 gas would prevent
catalyst poisoning. Platinum, palladium, rhodium and ruthenium, for example, are known
to function as catalysts at lower temperatures and H2 pressures. Nickel and nickel-based
catalysts have been developed as less expensive alternatives for heterogeneous catalysis.
Raney-nickel catalysts (an aluminum nickel alloy) require higher pressures, but this is
possible during the early stage of ablation plume formation in MALDI. It might, therefore,
make an interesting study to develop metal target plates dedicated to specific reactions to
observe different ionic end products. Perhaps their observation could even aid in the
discovery of new catalysts for specific reactions, or help elucidate their reaction
mechanisms. In this study solid target plate materials have been used, but more porous
surfaces or even catalyst particles, like those of Tanaka [335], who employed cobalt
nanoparticles suspended in glycerol for his ionization experiments, could lead to higher ion
yields, due to the larger reactive surface area [557].
By using a laser to generate such particles directly from the target plate material, one
could overcome problems of nanoparticle application and the lack of their homogeneous
distribution, since their abundance will simply depend on the chosen target plate material
and the set laser fluence for the matrix chosen. Ablated target plate material particles have
the advantage of an enhanced reactive surface area, but their kinetic behavior and
directionality distribution upon ablation will undoubtedly result in a reduced signal
resolution.

9.4

Conclusions

From the data presented in this chapter the following could be deduced:
1.

2.
3.

Soft metals (such as Ag, Sn and Pb; apart from Al and Ga) with low melting points,
an oxide layer and a high metal anion yield upon ablation in the absence of a
sample layer, perform best as target plate materials. Hence, the role of metalspecific plasma in the MALDI mechanism should be more thoroughly investigated.
Of all the target plate materials tested, Ag increased the anion signal intensity the
most, namely by a factor of ten in comparison to stainless steel, which is more
conventionally used.
In general, fullerene-C60 appears to be the most effective matrix when using DPP
as an analyte among those matrices examined; this may be due to its large size,
dense crystallite formation upon deposition, high electron affinity, fragmentation
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and UV absorption or a combination of these factors. Further experiments will
have to show whether these findings hold true for other analytes.
Overall, we have shown that target plate material strongly affects the outcome of the
ionization process and that a proper choice enhances ion yields of both matrix and DPP
anions significantly. For the chosen 1:1 mixing ratio of matrix and analyte, the matrix choice
played a secondary role, compared to the target plate material, in increasing the ion yield.
Upon addition of the analyte we propose three possible ionization pathways: either direct
analyte proton loss to neutral species, possibly mediated by the target plate material, or
proton loss due to transfer to anionic (matrix or target plate material-derived) species, or
proton loss due to transfer to an atom of the negatively charged metal. A catalytic effect of
the target plate material should be considered.
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10

Fourier transform ion-cyclotron resonance

mass spectrometry
As previously discussed, the TOF mass spectrometers have a limited resolving power,
which can only partly be improved by applying an extraction delay time and an ion reflection
system. To overcome the lack of resolution and to allow for overlapping peak discrimination
without the use of peak deconvolution strategies, other instrumental techniques have been
developed, such as the Orbitrap and the FTICR. Though the former has the advantage of not
requiring a magnetic field, the latter has the highest resolving power. In Chapter 9, the
partial overlap of metal oxide cluster ions with analyte ions hampered the comparison
between different metal substrates; FTICR mass spectrometers can resolve these peaks.
Another problem one faces with the use of an extraction field, which is required to propel
the ions in the field free drift region, is that the ions formed will be drawn through a cloud
of neutral species, which will obscure the underlying processes and might lead to additional
fragmentation and neutralization. When one can position the ion source, in the case of
MALDI, the target plate with sample on top, directly in front of the detector, one will get a
more realistic picture of the ionization processes. Therefore, a MALDI-FTICR system would
make a good starting point, as it allows the ions formed to freely drift into the ICR cell.
Unfortunately, commercial instruments are not made to do mechanistic research and hence
ions are formed elsewhere in the instrument and then transferred by quadrupole or
hexapole systems for example, to reach the ICR cell. The subsequent chambers are
differentially pumped down to eventually reach ultra-high vacuum. Lacking a commercial
solution, a home-built system was required. Upon my arrival in this research group such a
MALDI-FTICR system, where the target plate could be positioned in the vicinity of the ICR
cell, had already been constructed. However, previous FTICR instrumentation in our
laboratory had several limitations and drawbacks:
1.
2.
3.
4.
5.
6.
7.

Long sample introduction times (>3 hours).
Only single shot measurements were possible.
The absence of a laser attenuator to control fluence.
Inaccurate positioning of the sample target within the magnet.
The absence of a proper functioning vacuum gauge to assess the ultra-high
vacuum pressure (<10−6 mbar).
The absence of an interlock system to guarantee ultra-high vacuum conditions
(<10−7 mbar) to enable ICR measurements.
Manual instead of controlled gas pulsing.

By creating an interlock system, the sample introduction time could be considerably
reduced from several hours to about 15 min. By introducing a 2D stage onto which the
entire optical system was placed, the number of shots could be increased and special
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rastering patterns (e.g.: circles) were introduced. A motorized attenuator taken from a
Shimadzu Kratos Axima system was incorporated in an automated attenuator, allowing
laser fluence to be quickly and reproducibly adjusted. By incorporating a bellow-based
translation system the target could be positioned with an accuracy of 0.635 µm at varying
distances from the cell. For both the exchange, as well as the measuring chamber in the
interlock system, an ion gauge was installed to ensure the system was operating at a
suitable operating pressure (≤10−9 mbar; <5.0 × 10−10 mbar was reached). To enable
controlled gas pulsing, a solenoid valve was connected. The valve was operated with 12 V
DC pulses.
Figure 10.1 depicts a 3D drawing of the MALDI-FTICR-MS and Figure 10.2 shows the entire
setup. The setup can be roughly divided into three separate entities: the vacuum setup,
where the sample is introduced and the ICR cell is located, the optical setup, where the laser
beam is guided into the magnet bore and focused on the target through the open ICR cell
and finally the electronics governing the sequential triggering and data processing. Each
part of the setup will be subsequently discussed below.

Figure 10.1: 3D drawing of MALDI-FTICR-MS shown in Figure 10.2. The drawing shows the
system when it is opened for maintenance. The MALDI target is positioned right in front of
the ICR cell (see Figure 10.3).
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Figure 10.2: The MALDI-FTICR-MS setup with: the vacuum setup composed of the bellow
translation stages (A and B), the sample introduction chamber (C), the measurement
chamber (D) and the interlock automatic gate valve (E), the optical setup (F), the electronics:
the ICR cell (in the magnet bore), the programmable cell controller (G), a PC equipped with
the Omega software (H), the Omega2XP Digital Electronics for Fourier Transform Mass
Spectrometers console (I) and and a 4.7 T magnet (J).

10.1 Vacuum setup

The vacuum system is composed of two individual parts separated by a pneumatically
activated UHV DN100 gate valve with a double-acting solenoid valve (VAT Vakuumventile
AG, Haag, Switzerland), which acts as an interlock to enable high-throughput sample
introduction. The two chambers (one for sample introduction and one for measurement)
are each equipped with a custom-made linear bellow-based translation stage (designed by
UHV design Ltd., Laughton, East Sussex, United Kingdom, and fabricated by Kurt J. Lesker
Company Ltd., Hastings, East Sussex, United Kingdom), positioned orthogonally to each
other. The translation stages are operated with a Sim-Step single axis stepper motor drive
and controller (Mclennan Servo Supplies Ltd., Ash Vale, Surrey, United Kingdom).
A CF UHV-compatible load lock door assembly with a 6˝-outer diameter with viewport and
a 316 LN stainless steel UV-grade fused silica viewport (view port ø 2.69˝ and øouter 4.50˝)
were purchased from Kurt J. Lesker Company Ltd., Hastings, East Sussex, United Kingdom.
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A CF UHV-compatible DN100 viewport and cube, both of 304 LN stainless steel, and several
CF blind flanges and weldable flanges of 304 and 316 LN stainless steel were purchased from
VACOM Vakuum Komponenten & Messtechnik GmbH, Großlöbichau, Germany and
processed in-house to fit the system.

Figure 10.3: Target plate holder (A) positioned in front of the ICR cell (B). The target plate
holder can be translated by moving the axis (C). The cell is positioned on four rods (D)
connected to a double-sided CF-flange (E).
Both vacuum chambers are equipped with a turbomolecular pump and a roughing pump
(30 L min−1, E2M30, Edwards Germany GmbH, München, Germany). The sample exchange
chamber is equipped with a Turbovac 360 CSV turbomolecular pump (345 L s−1; Pfeiffer
Vacuum AG, Zürich, Switzerland) controlled by a Turbotronik NT 150/360 VH controller
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(Leybold Vakuum GmbH, Köln, Germany) and the measuring chamber is evacuated by a
HiPace® 700 turbomolecular pump (685 L s−1 for N2; Pfeiffer Vacuum AG, Zürich,
Switzerland) controlled by a TC 400 controller (Pfeiffer Vacuum AG, Zürich, Switzerland).
The pressure is monitored by two PBR 260 Compact Full-Range BA gauges connected to a
TPG 262 Dual-Gauge dual-channel measurement and control unit for compact gauges
(Pfeiffer Vacuum AG, Zürich, Switzerland).
The whole system can be baked out up to 130 °C with heating tape to reach UHV
conditions (bake-out temperature was limited by the preamplifier; the lowest attained
pressure at room temperature following a 48-hour bake-out was below 5.0 × 10−10 mbar).

10.1.1 Support system

Both the optical setup and the vacuum setup are supported by home-built frames based
on 30 × 30 and 40 × 40 mm aluminum profile (Wobatech AG, Wollerau, Switzerland),
respectively. Both frames could be adjusted in height over a 2.5-cm range by adjustable
feet. The vacuum setup was constructed such that it could slide over a 900-mm distance,
enabling to remove the flight tube from the magnet bore. This, together with the modular
design, allows for rapid exchange or adjustment of the ICR cell. Additionally, this enables
facile laser alignment with respect to the magnet bore center with two polypropylene end
caps equipped with centered pinholes (see Appendix III.2).
To ensure laser alignment, the optical setup support was tightly connected to the support
of the superconducting magnet (4.7 T; Varian, United States of America). The laser table
was fitted on the Wobatech frame and rested on four rubber spacers. The whole optical
setup was covered by a black box with detachable lids to prevent dust covering the optics
and to guarantee a safe working environment.

10.1.2 Target plate, holder and transport
The system’s target holder can fit 1.0 × 30.0 × 40.0 mm MALDI target plates made from
several different materials. For the first tests, 1.4031 stainless steel was chosen. The
rectangular target plate is fitted into a custom-made target plate holder (see Figure 10.4).
The material chosen for the target plate holder was polyoxymethylene (POM), a tough
material with a very low friction coefficient, a high heat resistance, low water absorption,
and which is suitable for UHV applications. Two push-pins in the target plate holder ensure
that the target plate is always grounded, so no charge can build up during the MALDI
experiment. The target plate itself is held by two polyether ether ketone (PEEK) plates,
which were fixed to the POM holder. The holder was purposely made asymmetric so it can
only fit in one orientation. Two hole pairs in the holder enable its introduction and removal
from the sample introduction chamber with a custom-made fork. The bellow attached to
the sample introduction chamber is fitted with a stainless-steel rod (ø 12.0 mm), sliding
through an adjustable POM ring fixed on an aluminum structure that can be adjusted in
height to fine-tune the target transfer from one translation stage to the other.
A clamp that is used to hold the target holder is located at the end of the rod, which is
fixed inside the first linear bellow-based translation stage (see Figure 10.5). Figure 10.6
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shows the sequence of steps (described in Appendix III.3) required to introduce and remove
a target plate to and from one axis of the MALDI-FTICR-MS to the other. As soon as the first
translation stage starts moving, an end-switch is released causing the gate valve between
the sample introduction and the measurement chamber to be opened. The target holder is
pushed into a second clamp fixed at the end of a LN 316 stainless steel tube (ø 30 mm) fitted
within the second translation stage and supported by a similar POM/aluminum ring
construction, which is adjustable in the vertical position, again to be able to fine-tune the
target transfer between the orthogonal translation stages. The clamp fitted on the second
axis has a ball-spring that holds the target holder in place. The ball-spring has been secured
in the aluminum clamp with Teflon® tape.

Figure 10.4: Technical drawings of the target plate holder; note the connected push-pins,
which ground the target plate.
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Figure 10.5: Technical drawings of the target holder clamp on the first translation axis. The
target is positioned for target insertion.
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Figure 10.6: (previous page) Schematic overview of target plate insertion and removal.
Insertion: A) The target plate holder is translated from the sample introduction chamber into
the measurement chamber, automatically opening the gate valve in between them. B) Once
the target plate holder is fixed on the second translation stage, the first translation stage is
retracted, and the gate valve is automatically closed. The second axis can now be brought
into the desired position in front of the ICR cell. Target removal: C) By retracting the second
translation stage about 3 cm further than its location in position A, the clamp on the first
axis can move past the first axis. D) Once in the first axis is in position, the second axis moves
back to position A. E and F) By retracting the first axis, the target plate holder is slid from
the second axis onto the clamp holder of the first axis. G) When the target plate holder is
released, the first axis continues to retract until the gate valve between the two vacuum
chambers is closed again.

10.2 Electronic setup
10.2.1 Control electronics
The electronic system is based on a modified FTMS system from the IonSpec Corporation,
Lake Forrest, CA, United States of America. A computer, equipped with the Omega software
package, together with an Omega2XP Digital Electronics for Fourier Transform Mass
Spectrometers console (refurbished by Agilent Technologies, Inc./Varian, Inc. Lake Forrest,
CA, United States of America) and a programmable cell controller form the Omega2XP
workstation that allows for triggering the laser, applying potentials on the trapping cylinders
and exciting the ions within the ICR cell, as well as converting the amplified detected signal
to a mass spectrum, which could be exported as a .mzxml file. To reduce the number of
background peaks, the Ionspec preamplifier outside the vacuum system was replaced with
a preamplifier in vacuo from Stahl-Electronics (see Figure 10.7).
To connect the ICR cell under UHV conditions, vacuum compatible electronics, such as
UHV solder, PTFE shrink tubing, cable ring crimps, male and female gold-plated beryllium
copper crimp pins, UHV compatible Kapton®-insulated wires and cable crimp pins were
purchased from Allectra GmbH, Schönfließ, Germany. Glass capillaries (øouter 3.0 mm, øinner
1.5 mm) were used to insulate the cables from each other at the vacuum feed through
flange and to insulate the male and female contacts installed for disconnecting the ICR cell
easily (see Figure 10.7). Thin stainless-steel wire was used to fix the Kapton®-insulated wires
to prevent them from getting caught by the target plate transfer mechanism.

10.2.2 ICR cell
The gold-plated ICR cell has been modified from an IonSpec Corporation FTMS MALDI
system and is now a capacitively coupled open trapped-ion cell [497-499]. The copper cell
parts were gold-plated and the filament, as well as the trapping rings were removed to
create an open cell composed of three cylinders of 50 mm each in height, spaced 1 mm
apart and held together by a set of Macor® rings. The trapping cylinders were connected
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with 20 kΩ resistors to the Kapton® wires. The central cylinder was divided in four parts:
two oppositely positioned excitation plates and two oppositely positioned detection plates.
The trapping cylinders were connected to the two extractor plates by 0.1 µF capacitors. The
cell was connected to a double-sided flange with four LN 316 stainless-steel rods (see Figure
10.7). The two detection plates were connected to a locally grounded (250 ×) preamplifier
(PR-E 3-dual/vac super low noise preamplifier, Stahl-Electronics, Mettenheim, Germany),
which was fixed on the side of one of the four rods holding up the cell. The Kapton® wires
were fixed with stainless-steel wire to the rods to avoid them getting caught by the moving
target holder. The wires were equipped with male and female connectors, insulated with
Kapton® tubing and glass capillaries to enable facile disconnecting of the cell.

Figure 10.7: Target plate holder (A) on the translating axis (B) is positioned in front of the
ICR cell composed of the two trapping electrodes (C) and the excitation and detection
electrodes (D). The preamplifier (E) is fitted on one of the four ICR cell supporting rods (F) in
vacuo, which are equipped with aluminum blocks fitted with brass pushpins (G) to center the
ICR cell. The electrodes and the amplifier are connected with Kapton®-insulated wires (H),
which are fitted with crimp pins, insulated by glass capillaries.

10.3 Optical setup
The optical system is based on a diode-pumped, Q-switched frequency-tripled (λ: 349 nm;
pulse energy: 250 µJ; repetition rate: single shot – 1 kHz; pulse width < 15 ns; beam
diameter 0.5 mm; full angle divergence: 1.1 µrad) laser system (Triton, Model L20, SpectraPhysics, Stahnsdorf, Germany). This laser can be triggered by applying a +5V TTL pulse on
pin 21 of its analog port; a laser pulse results at each falling edge with a delay of ca. 3.5 µs.
The laser is triggered by connecting the analog port via a resistor to the output signal of the
IonSpec Corporation electronics through a National Instruments, Ennetbaden,
Switzerland, USB-6000 DAQ device, controlled by the NI-DAQmx 9.9 driver.
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The laser head was fixed on a translation stage consisting of two linear LNR50S/M
translation stages with a 10-µm on-axis accuracy, controlled by the BSC202 benchtop
stepper motor controller (Thorlabs, Dachau, Germany), which was externally triggered by
the LabVIEW program. The translation stage was required to enable multiple shots at
different points on the target plate. Various patterns (circular, rectangular, random, etc.)
can be made by loading .txt-files in the LabVIEW program denoting the respective X and Y
positions of the spots to be sampled.
The laser beam was focused on the target (880 mm away from the laser source) through
a combination of a beam expander (located 51 mm from the laser output; Thorlabs, Dachau,
Germany) and an UV-coated fused silica bi-convex lens (f = 750 mm; Thorlabs, Dachau,
Germany) placed at 154 mm from the laser output on a 25-mm range translation stage. The
resulting beam diameter at the target was ca. 120 µm, as determined using knife-edge
measurements. The maximum laser energy was ca. 80 µJ per pulse, resulting in a maximum
laser fluence of ca. 7.1 kJ m−2.
To visualize the laser beam movement on the target plate, a video system was installed,
connected to both an analog television screen and a S-video/composite to USB video
capture cable (SVID2USB23; Startech.com, Lockbourne, Ohio, United States of America).
The camera (WAT-902DM3 monochrome DSP CCD camera, Watec Co., Ltd., Tsuruoka-Shi,
Yamagata-Ken, Japan) was fixed right behind a 400 nm, ø 25 mm, dichroic longpass filter
(Edmund Optics Inc., Barrington, NJ, United States of America), deflecting the beam under
a 90° angle into the magnet bore.
The laser was aligned and focused with the help of two custom-made centered
polypropylene caps: one that fitted at the end of the magnet bore on the laser side and one
that could be fitted over the viewport of the stainless-steel tube in the magnet bore and
could be translated to every position by moving the vacuum setup (see Appendix III.2 for
the laser alignment procedure). Two Teflon® rings were made to ensure this stainless-steel
tube would always be centered with respect to the magnet bore. By using thermo-sensitive
paper, the patterns created by the laser movements could be visualized.

10.4 Operating software
Several software programs are incorporated in our instrument. The target holder
translation stages are controlled by the Mclennan Sim-Step software (version: 2.03;
drawing: 3439; issue: B). The laser is controlled by the LabVIEW-based L-Win laser control
software from Spectra-Physics and the 2D laser translation stage is controlled by the
LabVIEW-based ATP User software (version 3.2.5697.24302) by Thorlabs. The FTMS
software that was used is the Omega software (version 9.0.27) from the IonSpec
Corporation, Varian, Inc.
A program was required to synchronize the laser triggering, controlled by the L-Win laser
control software and initiated by a signal from the Omega software, with the 2D laser stage
movements of the ATP User software. To this end a dedicated program was developed,
based on LabVIEW (National Instruments) programming. The trigger signal from the
programmable cell control unit formed the start trigger for the laser, which fired at the
falling edge of the TTL-signal.
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10.5 Experimental
10.5.1 Materials instrument calibration
Fullerene-C60 (98%), Sigma-Aldrich Chemie GmbH, Buchs, Switzerland; Fullerene powder,
mixed refined (typically 73% C60, 22% C70, higher fullerenes: 5%), abcr GmbH, Karlsruhe,
Germany; peptide calibration mix 4 (ProteoMix) 500–3500 Da, LaserBio Labs, Sophia
Antipolis, France; Poly-DL-alanine (P9003), Sigma-Aldrich Chemie GmbH, Buchs,
Switzerland; 2,5-dihydroxybenzoic acid (DHB, >99.0%), Sigma-Aldrich Chemie GmbH,
Steinheim, Germany; caesium triiodide, (≥99.9%), Sigma-Aldrich Chemie GmbH, Steinheim,
Germany, and trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB; ≥98%) Sigma-Aldrich Chemie GmbH, Buchs, Switzerland, were selected for
calibration purposes [524, 690]. Tetrahydrofuran (THF; inhibitor-free, Chromasolv Plus, for
HPLC, ≥99.9%); xylene (≥97.0%); acetonitrile (ACS reagent, ≥99.5%); trifluoroacetic acid
(TFA; 99%), were acquired from Sigma-Aldrich Chemie GmbH, Steinheim, Germany and
used for sample preparation.

10.5.2 Sample preparation
The following calibration solutions were prepared:
•
Fullerene LDI sample solutions were prepared in xylene:
o Fullerene-C60 (0.1 M)
o Fullerene powder (50 mg mL−1).
•
CsI3 in THF (50 mM) mixed 1:1 v/v with DCTB in THF (100 mM) [524].
•
Poly-DL-alanine in H2O (5 mg mL−1) mixed 1:1 v/v with DHB in an aqueous
solution with 10% acetonitrile and 0.1% TFA [690].
For the qualitative calibration of the system the classic ‘dried droplet’ method was
employed. The target plate material chosen for calibration was stainless steel 1.4301.

10.5.3 Sample introduction, measurement and removal
See Appendix III.3 for a step-by-step procedure for sample introduction and removal.
Appendix III.4 describes the steps required to perform a measurement with the IonSpec
software Omega.

10.6 Results and discussion
Unfortunately, most calibrants could not be observed. Cs+ might have been observed, but
a noise peak at the same frequency gives rise to doubt. The expected distribution of
[Csn+1In]+ clusters could not be observed, which makes it more likely the signal around m/z
132 did not originate from the Cs+ ion. Additionally, in negative mode, neither I−, nor the
expected distribution of [CsnIn+1]− clusters were observed. The matrix DCTB was not
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observed either, but this might be due to the rapid sublimation of this matrix. Upon target
retrieval from the system, DCTB had sublimated and CsI3 had dissociated in I2 and CsI,
leaving a solid white crystal layer, which would, in principle, still suffice to generate CsI
cluster ions from, albeit at higher laser fluence values.
Measurements with poly-DL-alanine were equally unsuccessful. Neither the analyte, nor
the matrix DHB could be observed. Other analytes, such as rhodamine have been tried as
well, but to no avail, though many trapping parameters have been systematically varied
(trapping time: time between laser pulse and trapping potential application; trapping
potential; laser fluence, etc.)
The most important positive result was observing a signal for both fullerene-C60 and -C70,
as well as some larger fullerenes, in positive and in negative mode (see Figure 10.8). What
is striking is the absence of any fragments. The characteristic C2-unit loss of fullerene-C60
[578] could not be observed, which might be due to the absence of an ion extraction field.
Unfortunately, it was not possible to record spectra in a robust fashion. First cations could
be observed, but the anions could not. This behavior inexplicably changed over the period
of three days, where both cations and anions could be observed, followed by the permanent
disappearance of the cationic species during a routine continuous measurement. Changing
samples and several electronics checks did not result in any change in this absence of
cationic signal.
A few other problems encountered were: the high background noise (partly solved by
replacing the IonSpec preamplifier and the remaining noise most probably originating from
the remaining IonSpec electronics) and the poor transients (which are most probably the
result of the poor signal conversion of the refurbished Omega2XP Digital Electronics for
Fourier Transform Mass Spectrometers console) that did not resemble the normal signal
decay one would expect. The two transients shown in Figure 10.8 are the best recorded.
Others appeared completely saturated or showed an asymmetric shape.
The data export, as well as saving the spectra and the transients, proved to be
troublesome due to bugs in the Omega software. Combined with the erratic behavior of the
electronics, this warrants the replacement of the electronics and data processing software
by a more modern system.
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Figure 10.8: MALDI mass spectra of a fullerene mixture in (A) negative mode and (B) positive
mode with transients and the experimental trigger sequence and parameters shown.
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10.7 Conclusions and outlook
With the help of Christian Marro, Heinz Benz and Martin Czar, I have successfully designed
and constructed a high-throughput MALDI-FTICR mass spectrometer that allows for a
modular exchange of the ICR cell and an interlock/bellow-based sample exchange, which
enables sample exchange times of ca. 15 min. The second bellow-based translation stage
allows for positioning the sample target holder at varying distances from the cell up to right
in front of the ICR cell with an accuracy of 0.635 µm.
The recorded spectra of the fullerene mixture in both positive and negative mode are
promising, though the resolution (ca. 10.000) is still comparable to that of a TOF-instrument.
Since the current IonSpec Corporation FTMS electronics are malfunctioning and outdated,
an overhaul of the data acquisition system will be the next step towards a further improved
system. The data acquisition system of the FTICR-MS built by Lukas Fritsche in the laboratory
of Prof. Chen would be a good alternative. It relies on electronics from National
Instruments and Stahl-Electronics and on LabVIEW-based software. The first steps have
already been made by installing the preamplifier and by running the 2D optical translation
stage, as well as the laser and the attenuator on LabVIEW-based software. Integrating all
these programs in a single LabVIEW-based program would enable better data acquisition
and processing.
The pulsed valve, installed to enable ion cooling and axialization, still needs to be tested,
but could aid in removing spectral artefacts [517-520]. The influence of off-center ablation,
enabled by the 2D stage carrying the optical setup, also remains unclear. It might be
required to cool the ions after trapping them in the ICR cell, using the pulsed valve, to
prevent the occurrence of side-bands in the spectra, which are currently present and seem
to increase when the distance from the center of the ICR cell is increased. The attenuator,
as well as the program developed to automatically move the 2D stage over a predefined
sampling raster, need to be tested more thoroughly as well. All in all, a proof of principle
has been reached, however, the system will need further characterization. Once this has
been done it can be used for accurate determination of the initial ion velocities in the
developing MALDI plume and to establish whether the ion fragmentation is lower compared
to the time-of-flight instruments due to the absence of ion transport systems.
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Other observations and ideas

Researchers are always forced to choose which leads to pursue within the time and with
the resources they have at their disposal. In the following paragraphs I will outline a few
ideas I would have liked to investigate and which may make interesting projects for future
research.

11.1 Electron emission: photoelectric or thermoelectric
One question I would like to have answered is whether any electron emission from the
metal target plates during the MALDI experiment is the result of the photoelectric effect,
or rather the result of thermally induced electron emission due to heat production.
To establish the roles of the photoelectric effect, the thermoelectric effect and the
addition of a matrix on metal surfaces, I have built the experimental setup shown in Figure
11.1. It is composed of a vacuum chamber with an electrically insulated Macor® target plate
holder, positioned on a heating block. An insulated pushpin connector through the target
plate holder ensured that the target plate was connected to a picoammeter. About 1 cm
above the target plate surface, a metal gauze was positioned, analogous to the charged
extractor plate in MALDI-TOF instruments, which could be charged with several kV by high
a voltage power supply to extract any escaping electrons from the target plate surface. The
idea was to ramp the temperature and verify the electron current for the different target
plate materials to separate the thermoelectric emission from any additional photoelectric
emission. The latter could then be established by irradiating the target plate material with
a wavelength-tunable laser whilst monitoring the electron flux. By partly coating the target
plates with matrices and translating the target plate holder, thereby bringing the coated
part of the target plate into the laser beam, it would be possible to establish the influence
of the matrix for different target plate temperatures, laser wavelengths and even fluence
values (by adjusting the size of the irradiated area) on the electron emission. Unfortunately,
due to time restrictions I had to forfeit this idea.

11.2 Dual-time-of-flight MALDI-MS
To be able to perform measurements on both anions and cations simultaneously, as
previous research groups have done [611], I have made enquiries regarding building a new
dual-time-of-flight MALDI instrument in collaboration with TOFWERK, Thun, Switzerland. If
sufficient enthusiasm, funding and manpower are available in the future, it would make a
nice direction to study the MALDI mechanisms in more detail, where the return of the
oppositely charged ions to the target plate surface does not obscure the underlying initial
charge separation step, or aid unnecessary neutralization.
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Figure 11.1: The setup that was designed to distinguish between electron emission due to
the photoelectric and thermoelectric effect. The measurement chamber (A) is equipped with
a mesh onto which a potential can be applied (through B). The Macor®-insulated target
plate holder (C), equipped with a heating cartridge (thermocontroller not shown), can be
moved through a laser beam, passing through the viewport of the measurement chamber
thereby irradiating the (matrix-coated) target plate, with the translation stage (D). The
target plate is connected through a pushpin with the picoammeter (E) to monitor the
current induced by either the applied temperature, or the laser beam through the
photoelectric effect. The vacuum can be monitored through the ion gauge (F) and its
controller (G). The vacuum is controlled by the turbo pump (H) and its controller (J) and a
roughing pump (not shown). Target plates can be loaded through the gate valve (K).
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11.3 Extraction field homogeneity impaired by using an
insulating Teflon® film
It has previously been suggested that the use of insulating tape enhances the ion yield
[556], but my measurements on 1.0 mm thick Teflon® resulted in complete signal loss in
the center of the 50 × 50 mm surface and its reappearance at the edges when fullereneC60 was deposited on top of it. Therefore, I think it would be interesting to study fullereneC60, deposited homogeneously over an entire target plate, which has been covered by a
thin layer of Teflon®, where some parts have been removed in a channel like manner (see
Figure 11.2) to verify whether covering the target plate with an insulator affects the
homogeneity of the extraction field.
By scanning over this Teflon®-coated metal surface and monitoring the fullerene-C60 ion
intensity, the influence of the insulating layer on the homogeneity of the extraction field
should become apparent.

Figure 11.2: Proposed scheme to identify disruptions of the extraction field homogeneity.
By scanning a Teflon®-coated stainless-steel plate sprayed with fullerene-C60 over its entire
width and monitoring the ion signal intensity could reveal the influence of the width of the
Teflon®-coated parts on the signal intensity. If the Teflon® itself is the determining factor,
the intensity should always drop to the same level, as indicated by the blue curve. If the
extraction field homogeneity is affected, causing ion deflection away from the path towards
the extraction plate orifice, the black curve would be expected.
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11.4 Field emission
By depositing the samples on surfaces with a multitude of sharp microstructures, and by
employing stronger electric fields, it might be possible to induce field emission, which in
turn could lead to higher anion yields. This would enable exploiting the properties of
surface-assisted laser desorption ionization (SALDI) further. The role of the Schottky effect
might also start to play a role at these potential differences.

11.5 Femto- and picosecond pulse duration
By employing laser pulses of equal pulse energy, but with varying pulse duration below
the time required for vibrational relaxation (<1 ps) would enable distinguishing
temperature and stress confinement ablation regimes. It would be interesting to see
whether the absence of the thermal component during ablation would result in a lower
required pulse energy, which would make MALDI more energy efficient.

11.6 Interesting target plate materials
Many target plate materials can be interesting to study due to their properties. Here is a
list of ideas:
•
•
•
•
•
•

196

Metalloids and semi-conductors, such as Ge, Sb and (n- and p-doped) Si, which
might work as solar cell surfaces. In the absence of a potential applied to the
target plate, white light might aid in the formation of anions during laser ablation.
The inert properties of platinum and palladium could aid in taking the role of the
target plate out of the equation.
Reactive metal surfaces, prepared in an oxygen-free environment, such as alkali,
or rare-earth metals.
If homogeneous deposition is possible: (organo-) metal nanoparticles, or organosemiconductive nanoparticles (quantum dots), where EET takes place between
the nanoparticle and the adhering organic molecules [440].
If the target plate can be cooled down sufficiently: superconducting materials.
Metals and alloys with ferromagnetic properties and appropriate Curie
temperatures (see Table 11.1) could affect the trajectory of charged species upon
heating up and subsequently changing from ferro- to para- and back to
ferromagnetic materials.

Table 11.1: Curie temperatures of selected metals and alloys [3].
Material
TC (K)
Material
Co
1400.15
Gd
Dy
105.15
Permalloy (78.5 Ni)
Er
29.15
Hipernik (50 Ni)
Fe
1033.15
Permendur (50 Co)
Ho
29.15
MnSb
Ni
627.15
FeRh

TC (K)
289.15
873.15
773.15
1253.15
587.15
675
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Conclusions and outlook

Most routine MALDI experiments are nowadays still conducted on commercial stainlesssteel target plates. I hope to have shown that the target plate material choice profoundly
affects the experimental outcome and that this is an important factor in fine-tuning any
experiments performed using MALDI as the ion source. The addition of cationizing agents,
in combination with target plate materials, such as copper and silver, can result in
unexpected adduct ion formation, which could be exploited to ionize apolar molecules.
Applying even the thinnest of sample layers can be enough to generate ions at a low laser
fluence if the proper materials have been selected.
The constructed electrospray deposition setup, described in Chapter 4, has made it
possible to conduct quantitative research with standard deviations that were small enough
to establish significant differences between the tested conditions.
The target plate resistivity model proposed in Chapter 6 does not seem to be widely
applicable, based on the results provided in Chapter 9. These findings suggest a more
complex picture, where the catalytic role of the target plate material, or its oxide layer,
should be considered. The role of target plate material phase changes remains unresolved,
though MALDI was successfully carried out on liquid gallium.
Regarding the ionization mechanism(s) of MALDI, much remains unclear, although the
conclusions drawn from Chapters 6 and 9 on the target plate material and matrix choice,
as well as those from Chapter 7 on the addition of cationizing agents point in the direction
of an ionization mechanism that involves matrix and analyte molecules coordinating with
the surface atoms of the target plate material and, if present, with the cationizing agents,
resulting in preformed complexes primed for ionization. Upon the incidence of a photon
and subsequent excitation of the preformed complex, much like a corked champagne
bottle shook vigorously, the laser photon acts as the final push to induce ionization. Anion
formation would then require an electron to tunnel from the negatively charged target
plate to the coordinating molecule. Alternatively, when proton transfer is involved in anion
formation, transient coordination of a labile proton to the metal surface, thereby mediating
proton transfer between analyte and matrix, could be envisioned. Cation formation
involving cationizing agents, could involve preformed complexes facilitating redox
reactions between cationizing agents and the target plate material, resulting in matrix and
analyte cation complexes. Any other reactions which might subsequently occur in the
forming plasma plume are most likely either involving charge transfer or charge
recombination.
LDI of C60 deposited onto Ti90/Al6/V4 was shown to result in a significant increase in anion
signal strength in both Chapter 6 and 9. The use of silver as a target plate material led to
about a ten-fold increase in anion signal strength for all the matrices tested in Chapter 9,
as well as for the analyte DPP. This indicates that the influence of the target plate material
choice seems to be independent on the chosen matrix.
The MALDI-FTICR-MS that was constructed, described in Chapter 10, was shown to be
able to record spectra of fullerenes, but leaves much to be desired to perform the
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mechanistic research on the MALDI ion kinetics. By locating the target plate at varying
distances from the ICR cell, followed by trapping the freely drifting formed ionic species at
increasing time intervals after the laser pulse, and establishing which species are
predominantly formed at which stage of the plume development, it will be possible to
provide more insight in the secondary ionization reactions and the initial kinetic energy
distribution amongst the formed ionic species. Equipping the built MALDI-FTICR-MS with
more modern electronics would push the mechanistic research of MALDI further. The
addition of a pulsed valve to introduce a collision gas, will allow collisional cooling and
axialization, which might be required to remove spectral artefacts. The effects of off-axis
desorption/ablation on the spectral quality still need to be evaluated.
Extending the diphenyl phosphate study, described in Chapter 9, to even bigger
phosphate-group containing molecules and finding ways, based on changing the target
plate materials according to the strategies outlined in this thesis, would make an interesting
topic to study, because enhancing their yields would open more doors in the field of
biochemical analysis, which could have important clinical relevance.
Choosing the target plate material, as well as the sample deposited on the target plate,
such that these correspond to the reactants and catalysts of known catalytic reactions,
might provide evidence for the occurrence of catalytic reactions during the MALDI
experiment. If this hypothesis holds true, it might eventually even lead to using MALDI as
a means to identify new catalysts.
Repeating the experiments with phthalocyanine and chlorophyll in Chapter 8 with the
appropriate detector potential will most certainly lead to interesting results on metal
cation cluster formation in the MALDI redox chemistry, which might prove useful in the
field of photovoltaics. Studying biological or synthetic ionophores, such as crown ethers,
cryptands and calixarenes, and molecules that can form cationic and anionic clusters, with
MALDI would broaden the scope even further.
Finally, the suggestions made in Chapter 11 could provide new insights in the
fundamental aspects underlying the ablation and ionization mechanisms of this analytical
technique, which involves so many chemical and physical aspects and which scientists have
researched and developed over the past five centuries. Through a better understanding of
the underlying principles, MALDI will continue to benefit society by aiding in answering
analytical questions in the field of compound identification and molecular structure
elucidation.

200

A
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.
28.
29.
30.

Bibliography
Young, E.: Love of fame, the universal passion in seven characteristical satires. 4th ed., 167 (1728)
Tipler, P.A., Mosca, G.: Physics for scientists and engineers. 5th ed., 345-347; 693; 871; 973-973; 1003-1005; 1119-1124; 1357; 1360
(2004)
Stöcker, H.: Taschenbuch der Physik Formeln, Tabellen, Übersichten. 7th ed., 1-1080 (2013)
Isaacs, A.: New Oxford dictionary for scientific writers and editors adapted from the Oxford dictionary for scientific writers and
editors. 2nd ed., 1-451 (2009)
Sparkman, O.D.: Mass spectrometry desk reference. 1st ed., xvi-106 (2000)
O'Grady, P.F.: Thales of Miletus the beginnings of western science and philosophy. Western philosophy series. 1st ed., 1-310 (2002)
Pliny, Bostock, J., Riley, H.T.: The natural history of Pliny. Bohn's classical library. (1855)
Canton, J.: A Method of Making Artificial Magnets without the Use of Natural Ones; Communicated to the Royal Society by John
Canton, M. A. & F. R. S. To Which is Prefixed the President's Report. Philosophical Transactions (1683-1775). 47, 31-38 (1751)
Gilbert, W.: Guilielmi Gilberti Colcestrensis, medici Londinensis, De magnete, magneticisque corporibus, et de magno magnete
tellure physiologia nova, plurimis & argumentis, & experimentis demonstrata. (1600)
Guericke, O.v.: Experimenta nova (ut vocantur) magdeburgica de vacuo spatio primum a R. P. Gaspare Schotto, e Societate Jesu,
& Herbipolianae Academiae Matheseos Professore: Nunc vero ab ipso auctore perfectius edita, variisque aliis exmerimentis aucta.
Quibus accesserunt simul certa quaedam de aeris pondere circa terram; de virtutibus mundanis, & systemate mundi planetario;
sicut & de stellis fixis, ac spatio illo immenso, quod tam intra quam extra eas funditur., 1-244 (1672)
Gray, S.: An Account of Some New Electrical Experiments. By Mr. Stephen Gray. Philosophical Transactions. 31, 104-107 (1720)
Gray, S.: Two Letters from Mr. Stephen Gray, F. R. S. to C. Mortimer, M. D. Secr. R. S. Containing Farther Accounts of His Experiments
concerning Electricity. Philosophical Transactions. 37, 397-407 (1731)
Gray, S.: A Letter from Mr. Stephen Gray to Dr. Mortimer, Secr. R. S. Containing a Farther Account of His Experiments concerning
Electricity. Philosophical Transactions. 37, 285-291 (1731)
Gray, S.: A Letter to Cromwell Mortimer, M. D. Secr. R. S. Containing Several Experiments concerning Electricity; By Mr. Stephen
Gray. Philosophical Transactions. 37, 18-44 (1731)
Gray, S.: Experiments and Observations upon the Light That is Produced by Communicating Electrical Attraction to Animal or
Inanimate Bodies, Together with Some of Its Most Surprising Effects; Communicated in a Letter from Mr. Stephen Gray, F. R. S. to
Cromwell Mortimer, M. D. R. S. Secr. Philosophical Transactions. 39, 16-24 (1735)
Gray, S., Mortimer, C.: An Account of Some Electrical Experiments Intended to be Communicated to the Royal Society by Mr.
Stephen Gray, F. R. S. Taken from His Mouth by Cromwell Mortimer, M. D. R. S. Secr. on Feb. 14, 1735-6. Being the Day before He
Died. Philosophical Transactions. 39, 400-403 (1735)
Wheler, G.: A Letter from Granvile Wheler, Esq; To Dr. Mortimer, Secr. R. S. Containing Some Remarks on the Late Stephen Gray,
F. R. S. His Electrical Circular Experiment. Philosophical Transactions. 41, 118-125 (1739)
Gray, S.: Mr. Stephen Gray, F. R. S. His Last Letter to Granville Wheler, Esq; F. R. S. concerning the Revolutions Which Small
Pendulous Bodies Will, by Electricity, Make Round Larger Ones from West to East as the Planets do Round the Sun. Philosophical
Transactions. 39, 220 (1735)
Gray, S.: A Letter from Stephen Gray, F. R. S. to Dr. Mortimer, Secr. R. S. Containing Some Experiments Relating to Electricity.
Philosophical Transactions. 39, 166-170 (1735)
Franklin, B., Labaree, L.W., Willcox, W.B.: The Papers of Benjamin Franklin. 3, (1961)
Fay, M.D., S., T.: A Letter from Mons. Du Fay, F. R. S. and of the Royal Academy of Sciences at Paris, to His Grace Charles Duke of
Richmond and Lenox, concerning Electricity. Translated from the French by T. S. M D. Philosophical Transactions. 38, 258-266
(1733)
Torricelli, E., Accademia del Cimento: Esperienza dell'argento vivo mit einer Einleitung. Neudrucke von Schriften und Karten über
Meteorologie und Erdmagnetismus. 7, 1-22 (1897)
Picard, J., -F.: Experience faite a l'observatoire sur le barometre simple touchant un nouveau phenomene qu'on y a découvert.
Journal des sçavans. X, 112-113 (1676)
Bernoully: Nouvelle maniere de rendre les Baromètres lumineux. Par M. Bernoully, Professeur à Groningue. Extraite d'une de ses
Lettres écrite de Groningue le 19. Juin 1707. Histoire de l'Académie royale des sciences ... avec les mémoires de mathématique &
de physique... tirez des registres de cette Académie. 2nd ed., 178-190 (1761)
Hauksbee, F.: Several Experiments on the Mercurial Phosphorus, Made before the Royal Society, at Gresham-College, by Mr Fra.
Hauksbee, F. R. S. Philosophical Transactions. 24, 2129-2135 (1704)
Hauksbee, F.: Physico-mechanical experiments on various subjects containing an account of several surprizing phenomena
touching light and electricity, producible on the attrition of bodies. With many other remarkable appearances not before observ'd.
Together with the explanations of all the machines, (the figures of which are curiously engrav'd on copper) and other apparatus
us'd in making the experiments. By F. Hauksbee, F.R.S. 1st ed., 1-194 (1709)
De Pater, C.: Petrus van Musschenbroek (1692-1761), een newtoniaans natuuronderzoeker. 1st ed., 1-382 (1979)
Winkler, J.H.: Die Eigenschaften der electrischen Materie und des electrischen Feuers aus verschiedenen neuen Versuchen erkläret,
und nebst etlichen neuen Maschinen zum Electrisiren. 1st ed., 1-164 (1745)
Franklin, B., Watson, W.: An Account of Mr. Benjamin Franklin's Treatise, Lately Published, Intituled, Experiments and Observations
on Electricity, Made at Philadelphia in America; By Wm. Watson, F. R. S. Philosophical Transactions. 47, 202-211 (1751)
Canton, J.: Electrical Experiments, with an Attempt to Account for Their Several Phaenomena; Together with Some Observations
on Thunder-Clouds, by John Canton, M. A. and F. R. S. Philosophical Transactions (1683-1775). 48, 350-358 (1753)

201

31.
32.
33.
34.

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.

Galvani, L.: Aloysii Galvani De Viribus Electricitatis In Motu Musculari Commentarius. 1st ed., 1-58 (1791)
Volta, A.: On the Electricity Excited by the Mere Contact of Conducting Substances of Different Kinds. Abstracts of the Papers
Printed in the Philosophical Transactions of the Royal Society of London. 1, 27-29 (1800)
Wilcke, J.C., Martin, R.: Contraira Elettriciteterne vid Laddningen och därtill hörande delar Af Joh. Carl Wilcke, Tham. Lector i
Experim. Phys. Kungl. Svenska vetenskapsakademiens handlingar. XXIII, 206-229; 245-266 (1762)
Callan, N.: XLIV. A description of an Electro-magnetic Repeater, or of a Machine by which the connexion between the Voltaic
Battery and the helix of an Electro-magnet may be broken and renewed several thousand times in the space of one minute. By the
Rev. N. J. Callan, Professor of Natural Philosophy in R. C. College, Maynooth. The Annals of Electricity, Magnetism, and Chemistry;
and Guardian of Experimental Sciences. I, 229-230 (1837)
Callan, N.: LXXXVIII. On a new Galvanic Battery. By the Rev. N.J. Callan, Professor of Natural Philosophy in the College of Maynooth.
The London and Edinburgh Philosophical Magazine and Journal of Science. IX, 472-478 (1836)
Payen, J.: Les origines de la bobine d'induction. Revue d'histoire des sciences et de leurs applications. 18, 315-318 (1965)
Du Moncel, T.: Notice sur l'appareil d'induction électrique de Ruhmkorff et les expériences que l'on peut faire avec cet instrument,
par le Vte Th. Du Moncel. 1st ed., 1-222 (1857)
Van de Graaff, R.J., Compton, K.T., Van Atta, L.C.: The Electrostatic Production of High Voltage for Nuclear Investigations. Phys Rev.
43, 149-157 (1933)
Van der Graaff, R.J.: Electrostatic generator. Patent 1,991,236, (1931)
Cavendish, H., Maxwell, J.C.: The electrical researches of the Honourable Henry Cavendish. Cass library of science classics. 3rd ed.,
1-454 (1967)
Gauss, C.F.: Theoria attractionis corporum sphaeroidicorum ellipticorum homogeneorum, methodo nova tractata. Carl Friedrich
Gauss Werke. Fünfter Band, 279-286 (1877)
De la Grange, J.-L.: Sur l'attraction des Spéroïdes elliptiques. Nouveaux Mémoires de l'Academie royale des Sciences et de Bellelettres. 4, 121-148 (1773)
Duhem, P.: Leçons sur l'électricité et le magnétisme, par P. Duhem. 1st ed., 22-35 (1891)
Oersted, J.C.: Article IV. Experiments on the Effect of a Current of Electricity on the Magnetic Needle. Annals of Philosophy. 16,
273-276 (1820)
Ampère, A.M., Gay-Lussac, J.L., Arago, F.: Annales de chimie et de physique; Mémoire Sur la Détermination de la formule qui
représente l'action mutuelle de deux portions infiniment petites de conducteurs voltaïques. 20, 398-421 (1822)
Maxwell, J.C.: On physical lines of force. Philos Mag. 90, 11-23 (1861)
Spaldin, N.A.: Magnetic materials fundamentals and applications. 2nd ed., 1-21 (2013)
Henry, J.: On the production of currents and sparks of electricity from magnetism. The American Journal of Science and Arts. XXII,
403-408 (1832)
Faraday, M.: The Bakerian Lecture: Experimental Researches in Electricity. Second Series. Philosophical Transactions of the Royal
Society of London. 122, 163-194 (1832)
Faraday, M.: Experimental Researches in Electricity. Philosophical Transactions of the Royal Society of London. 122, 125-162 (1832)
Weber, W., Kohlrausch, R.: Ueber die Elektricitätsmenge, welche bei galvanischen Strömen durch den Querschnitt der Kette fliesst.
Ann Phys-Berlin. 175, 10-25 (1856)
Rømer, O.C.: Démonstration touchant le mouvement de la lumière trouvé par M. Römer de l'Académie Royale des Sciences. Le
Journal des sçavans. 233-236 (1676)
Fizeau, A.H.L.: Sur les hypothèses relatives à l'éther lumineux) et sur une expérience qui parait démontrer que le mouvement des
corps change la vitesse avec laquelle la lumière se propage dans leur intérieur; par M. H. Fizeau. . Comptes-rendus hebdomadaires
des séances de l'Académie des sciences par MM. les secrétaires perpétuels. XXXIII, 349-355 (1851)
Hertz, H., Lenard, P., Helmholtz, H.v.: Gesammelte Werke von Heinrich Hertz. 1st ed. 1-3, 1-368; 361-295; 361-312 (1894)
Maxwell, J.C.: A Dynamical Theory of the Electromagnetic Field. Philosophical Transactions of the Royal Society of London. 155,
459-512 (1865)
Maxwell, J.C.: A treatise on electricity and magnetism. 1st ed. 1-2, 1-425; 421-444 (1873)
Nahin, P.J., Heaviside, O.: Oliver Heaviside: sage in solitude the life, work, and times of an electrical genius of the Victorian age. 1st
ed., 187-240 (1988)
Nahin, P.J.: Oliver Heaviside the life, work, and times of an electrical genius of the Victorian age. 2nd ed., 120; 135 (2002)
Lorentz, H.A.: Versuch einer Theorie der elektrischen und optischen Erscheinungen in bewegten Körpern. 1st ed., 1-138 (1895)
Onnes, H.K.: Further experiments with liquid helium EA. P K Akad Wet-Amsterd. 14, 204-210 (1911)
Dewar, J.: Liquid Hydrogen. Science. 8, 3-6 (1898)
Onnes, H.K.: The Condensation of Helium. Nature. 77, 559 (1908)
Onnes, H.K.: The Condensation of Helium. Nature. 77, 581 (1908)
Curie, P.: Propriétés magnétiques des corps à diverses températures, par M. P. Curie. 1st ed., 1-117 (1895)
Price, R., Morgan, W.: Electrical Experiments Made in Order to Ascertain the Non-Conducting Power of a Perfect Vacuum, &c. By
Mr. William Morgan; Communicated by the Rev. Richard Price, LL.D. F.R.S. Philosophical Transactions of the Royal Society of
London. 75, 272-278 (1785)
King, R.: Humphry Davy. 1st ed., 1-32 (1978)
Knight, D.: Humphry Davy science & power. Cambridge science biographies series. 5th ed., 105-111 (2006)
Davy, H.: An Account of an Invention for Giving Light in Explosive Mixtures of Fire-Damp in Coal Mines, by Consuming the FireDamp [Abstract]. Abstracts of the Papers Printed in the Philosophical Transactions of the Royal Society of London. 2, 32-32 (1815)
Faraday, M.: Experimental Researches in Electricity.--Thirteenth Series. Philosophical Transactions of the Royal Society of London.
128, 125-168 (1838)
Dörfel, G., Müller, F.: 1857 – Julius Plücker, Heinrich Geißler und der Beginn systematischer Gasentladungsforschung in
Deutschland. NTM International Journal of History & Ethics of Natural Sciences, Technology & Medicine. 14, 26-45 (2006)

202

Bock, R.: Elektrische Entladungen in Gasen bei vermindertem Druck - Die Entdeckung des Elektrons. 1st ed., 1-666 (2008)
Plücker, J., Hittorf, S.W.: On the Spectra of Ignited Gases and Vapours, with Especial Regard to the Different Spectra of the Same
Elementary Gaseous Substance. [Abstract]. P R Soc London. 13, 153-157 (1863)
73. Hittorf, W.: Ueber die Elektricitätsleitung der Gase. Ann Phys-Berlin. 212, 197-234 (1869)
74. Hittorf, W.: Ueber die Electricitätsleitung der Gase. Ann Phys-Berlin. 257, 90-139 (1884)
75. Crookes, W.: Contributions to Molecular Physics in High Vacua. Magnetic Deflection of Molecular Trajectory. Laws of Magnetic
Rotation in High and Low Vacua. Phosphorogenic Properties of Molecular Discharge. Philosophical Transactions of the Royal Society
of London. 170, 641-662 (1879)
76. Crookes, W.: Radiant matter when intercepted by solid matter casts a shadow. J Frankl Inst. 108, 317-329 (1879)
77. Ebert, H.: Das Entwickelungsgesetz des Hittorf' schen Kathodendunkelraumes. Ann Phys-Berlin. 305, 200-219 (1899)
78. Crookes, W.: On Repulsion Resulting from Radiation. Part VI. Philosophical Transactions of the Royal Society of London. 170, 87134 (1879)
79. Crookes, W.: The Emanations of Radium. P R Soc London. 71, 405-408 (1902)
80. Rutherford, E., Royds, T.: XXIV. Spectrum of the radium emanation. Philos Mag. 16, 313-317 (1908)
81. Goldstein, E.: Ueber eine noch nicht untersuchte Strahlungsform an der Kathode inducirter Entladungen. Ann Phys-Berlin. 300, 3848 (1898)
82. Perrin, J.: New Experiments on the Kathode Rays. Nature. 53, 298 (1896)
83. Lenard, P.: Ueber Kathodenstrahlen in Gasen von atmosphärischem Druck und im äussersten Vacuum. Ann Phys-Berlin. 287, 225267 (1894)
84. Stoletow, M.A.: On a kind of electrical current produced by ultra-violet rays. Philos Mag. 26, 317-319 (1888)
85. Lenard, P.: Ueber die lichtelektrische Wirkung. Ann Phys-Berlin. 313, 149-198 (1902)
86. Röntgen, W.C.: On a new kind or rays. J Frankl Inst. 141, 183-191 (1896)
87. Townsend, J.S.: The theory of ionization of gases by collision. 1st ed., 1-88 (1910)
88. Farnsworth, P.T.: Electron multiplier. United States Patent Office. Patent 1,969,399, 1-4 (1930)
89. Wien, W.: Über positive Elektronen. Zeitschrift für Elektrochemie. 8, 585-591 (1902)
90. Wien, W.: Ueber die Natur der positiven Elektronen. Ann Phys-Berlin. 314, 660-664 (1902)
91. Wien, W.: Über positive Strahlen. Ann Phys-Berlin. 335, 349-368 (1909)
92. Wien, W.: Über positive Strahlen. Ann Phys-Berlin. 338, 871-927 (1910)
93. Thomson, J.J.: XL. Cathode Rays. The London, Edinburgh, and Dublin Philosophical Magazine and Journal of Science. 44, 293-316
(1897)
94. FitzGerald, G.F.: Dissociation of Atoms. The Electrician. 39, 103-103 (1897)
95. Stoney, G.J.: LII. On the physical units of nature. The London, Edinburgh, and Dublin Philosophical Magazine and Journal of Science.
11, 381-390 (1881)
96. Helmholtz, H.v.: XLII.-On the modern development of Faraday's conception of electricity. Journal of the Chemical Society,
Transactions. 39, 277-304 (1881)
97. O'Hara, J.G.: George Johnstone Stoney, F.R.S., and the Concept of the Electron. Notes and Records of the Royal Society of London.
29, 265-276 (1975)
98. Stoney, G.J.: Cause of Double Lines in Spectra. Trans. R. Dubl. Soc. 4, 563-608 (1891)
99. Ohm, G.S.: Die galvanische Kette. 1st ed., 1-245 (1827)
100. Kirchhoff, S.: Ueber den Durchgang eines elektrischen Stromes durch eine Ebene, insbesondere durch eine kreisförmige. Ann PhysBerlin. 140, 497-514 (1845)
101. Pouillet, C.S.M.: Versuche über die Elektricitätsleitung in verschiedenen Metallen. Ann Phys-Berlin. 91, 91-95 (1829)
102. Joule, J.P.: On the Production of Heat by Voltaic Electricity. [Abstract]. Abstracts of the Papers Printed in the Philosophical
Transactions of the Royal Society of London. 4, 280-282 (1837)
103. Joule, J.P.: XXXII. On the calorific effects of magneto-electricity, and on the mechanical value of heat. The London, Edinburgh, and
Dublin Philosophical Magazine and Journal of Science. 23, 263-276 (1843)
104. Joule, J.P.: LIII. On specific heat. The London, Edinburgh, and Dublin Philosophical Magazine and Journal of Science. 25, 334-337
(1844)
105. Joule, J.P.: LII. On the calorific effects of magneto-electricity, and on the mechanical value of heat. The London, Edinburgh, and
Dublin Philosophical Magazine and Journal of Science. 23, 435-443 (1843)
106. Joule, J.P.: XLIII. On the calorific effects of magneto-electricity, and on the mechanical value of heat. The London, Edinburgh, and
Dublin Philosophical Magazine and Journal of Science. 23, 347-355 (1843)
107. Joule, J.P.: XVII. On the electric origin of the heat of combustion. The London, Edinburgh, and Dublin Philosophical Magazine and
Journal of Science. 20, 98-113 (1842)
108. Seebeck, T.J.: Magnetische Polarisation der Metalle und Erze durch TemperaturDifferenz. Abhandlungen der Königlichen Akademie der Wissenschaften zu Berlin. 1825, 265-373 (1825)
109. Peltier, J.C.A.: Nouvelles Expériences sur la Caloricité des courans électriques; par M. Peltier. Ann Chim Phys. 56, 371-386 (1834)
110. Thomson, W.: 4. On a Mechanical Theory of Thermo-Electric Currents. Proceedings of the Royal Society of Edinburgh. 3, 91-98
(1857)
111. Thomson, W.: Account of Researches in Thermo-Electricity. P R Soc London. 7, 49-58 (1854)
112. Becquerel, E.: Annales de chimie et de physique. Recherches sur la transmission de l'électricité au travers des gaz à des
températures élevées. 39, 355 (1853)
113. Guthrie, F.: XXXI. On a relation between heat and static electricity. Philos Mag. 46, 257-266 (1873)
114. Edison, T.A.: Electric lamp. Patent 233,898, 1-3 (1880)
115. Edison, T.A.: Electrical indicator. Patent: 307,031, 1-2 (1884)
116. Fleming, J.A.: Instrument for converting alternating electric currents into continuous currents. Patent 803,684, 1-6 (1905)
71.
72.

203

117. Fleming, J.A.: On Electric Discharge between Electrodes at Different Temperatures in Air and in High Vacua. P R Soc London. 47,
118-126 (1889)
118. De Forest, L.: Device for amplifying feeble electrical currents. Patent 841,387, 1-2 (1907)
119. Langmuir, I.: Electrical discharge apparatus. Patent 1,558,437, (1925)
120. Schottky, W.: Thermionic vacuum tube. Patent 1,537,708, (1925)
121. Schottky, W.: Intermediate electrode in incandescent cathode tube. Patent 1,612,835, (1927)
122. Holst, G., Tellegen, B.D.H.: Means for amplifying electric oscillations. Patent 1,945,040, (1934)
123. Richardson, O.W.: On the negative radiation from hot platinum. P Camb Philos Soc. 11, 286-295 (1902)
124. Lester, H.H.: XXIX. The determination of the work function when an electron escapes from the surface of a hot body. The London,
Edinburgh, and Dublin Philosophical Magazine and Journal of Science. 31, 197-221 (1916)
125. Schottky, W.: Über den Austritt von Elektronen aus Glühdrähten bei verzögernden Potentialen. Ann Phys-Berlin. 349, 1011-1032
(1914)
126. Dushman, S.: Electron Emission from Metals as a Function of Temperature. Phys Rev. 21, 623-636 (1923)
127. Fowler, R.H., Nordheim, L.: Electron Emission in Intense Electric Fields. Proceedings of the Royal Society of London. Series A,
Containing Papers of a Mathematical and Physical Character. 119, 173-181 (1928)
128. Leucippus, Democritus, Taylor, C.C.W.: The atomists: Leucippus and Democritus fragments a text and translation with a
commentary. Phoenix Journal of the Classical Association of Canada. 36, 68-91; 157-201 (1999)
129. Priestley, J.: An Account of Further Discoveries in Air. By the Rev. Joseph Priestley, LL.D. F. R. S. in Letters to Sir John Pringle, Bart.
P. R. S. and the Rev. Dr. Price, F. R. S. Philosophical Transactions (1683-1775). 65, 384-394 (1775)
130. Lavoisier, A.-L.d.: Traité élémentaire de chimie, présenté dans un ordre nouveau, et d'après les découvertes modernes... par M.
Lavoisier. 1st ed., 1-558 (1789)
131. Perrin, C.E., Lavoisier, A.L.: Lavoisier's Thoughts on Calcination and Combustion, 1772-1773. Isis. 77, 647-666 (1986)
132. Richter, J.B.: Anfangsgründe der Stöchiometrie, oder Messkunst chemischer Elemente. [Nachdruck der Ausg. Breslau & Hirschberg
1792-93]. 1-2, (1968)
133. Proust, J.L., La Métherie, J.-C.d., Blainville, H.-M.D.d.: Extrat d'un Mémoire intitulé: Recherches sur le Bleu de Prusse, par PROUST.
Journal de physique, de chimie, d'histoire naturelle et des arts. 2, 334-341 (1794)
134. Dalton, J.: On the Absorption of Gases by Water and Other Liquids. Memoirs of the Literary and Philosophical Society of
Manchester. 1, 271-287 (1805)
135. Dalton, J.: A new system of chemical philosophy. By John Dalton. 1st ed., 1-560 (1808)
136. Berzelius, J.J.: Théorie des proportions chimiques, et table synoptique des poids atomiques des corps simples et de leurs
combinaisons les plus importantes. 2nd ed., 1-477 (1835)
137. Mendeleev, D.I.: Соотношение свойств с атомным весом элементов. 1st ed., 1-274 (1869)
138. Drude, P.: Zur Elektronentheorie der Metalle. Ann Phys-Berlin. 306, 566-613 (1900)
139. Drude, P.: Zur Elektronentheorie der Metalle; II. Teil. Galvanomagnetische und thermomagnetische Effecte. Ann Phys-Berlin. 308,
369-402 (1900)
140. Geiger, H.: On the scattering of the alpha-particles by matter. P R Soc Lond a-Conta. 81, 174-177 (1908)
141. Geiger, H.: On a diffuse reflection of the alpha-particles. P R Soc Lond a-Conta. 82, 495-500 (1909)
142. Geiger, H.: The scattering of the alpha-particles by matter. P R Soc Lond a-Conta. 83, 492-504 (1910)
143. Geiger, H., Marsden, E.: The Laws of Deflexion of alpha Particles through Large Angles. Philos Mag. 25, 604-623 (1913)
144. Rutherford, E.: LXXIX. The scattering of α and β particles by matter and the structure of the atom. Philos Mag. 21, 669-688 (1911)
145. Rutherford, E., Nuttall, J.M.: LVII. Scattering of α particles by gases. Philos Mag. 26, 702-712 (1913)
146. Van Den Broek, A.: The number of possible elements and Mendeleeff's "cubic" periodic system. Nature. 87, 78-78 (1911)
147. Moseley, H.G.J.: The High-Frequency Spectra of the Elements. Philos Mag. 26, 1024-1034 (1913)
148. Prout, W.: On the Relation between the Specific Gravities of Bodies in their Gaseous State and the Weights of their Atoms. Annals
of Philosophy. 6, 321-330 (1815)
149. Prout, W.: Correction of a Mistake in the Essay on the Relation between the Specific Gravities of Bodies in their Gaseous State and
the Weights of their Atoms. Annals of Philosophy. 7, 111-113 (1816)
150. Soddy, F.: Intra-atomic Charge. Nature. 92, 399 (1913)
151. Soddy, F.: The Radio-Elements and the Periodic Law. Nature. 91, 57 (1913)
152. Aston, F.W.: XLIV. The constitution of atmospheric neon. The London, Edinburgh, and Dublin Philosophical Magazine and Journal
of Science. 39, 449-455 (1920)
153. Hevesy, G.: Francis William Aston, 1877-1945. Obituary Notices of Fellows of the Royal Society. 5, 634 (1948)
154. Chadwick, J.: Possible Existence of a Neutron. Nature. 129, 312 (1932)
155. Chadwick, J., Goldhaber, M.: The Nuclear Photoelectric Effect. Proceedings of the Royal Society of London. Series A - Mathematical
and Physical Sciences. 151, 479 (1935)
156. Bohr, N.: I. On the constitution of atoms and molecules. The London, Edinburgh, and Dublin Philosophical Magazine and Journal of
Science. 26, 1-25 (1913)
157. Sommerfeld, A., Brose, H.L.: Atomic structure and spectral lines. 3rd ed., 1-675 (1934)
158. Langmuir, I.: The arrangement of electrons in atoms and molecules. J Am Chem Soc. 41, 868-934 (1919)
159. Housecroft, C.E., Sharpe, A.G.: Inorganic chemistry. 2nd ed., 1-49; 53-54; 100-104; 107-109; 117-118; 136-145; 158-159; 203; 555570; 734-735; 875-887 (2005)
160. Zeeman, P.: VII. Doublets and triplets in the spectrum produced by external magnetic forces. The London, Edinburgh, and Dublin
Philosophical Magazine and Journal of Science. 44, 55-60 (1897)
161. Zeeman, P.: The Effect of Magnetisation on the Nature of Light Emitted by a Substance. Nature. 55, 347 (1897)
162. Stark, J.: Beobachtungen über den Effekt des elektrischen Feldes auf Spektrallinien. I. Quereffekt. Ann Phys-Berlin. 348, 965-982
(1915)

204

163.
164.
165.
166.
167.
168.
169.
170.
171.
172.
173.
174.
175.
176.
177.
178.
179.
180.
181.
182.
183.
184.
185.
186.
187.
188.
189.
190.
191.
192.
193.
194.
195.
196.
197.
198.
199.
200.
201.
202.
203.
204.
205.
206.

Gerlach, W., Stern, O.: Der experimentelle Nachweis des magnetischen Moments des Silberatoms. Z Phys. 8, 110-111 (1922)
Gerlach, W., Stern, O.: Der experimentelle Nachweis der Richtungsquantelung im Magnetfeld. Z Phys. 9, 349-352 (1922)
Gerlach, W., Stern, O.: Das magnetische Moment des Silberatoms. Z Phys. 9, 353-355 (1922)
Uhlenbeck, G.E., Goudsmit, S.: Ersetzung der Hypothese vom unmechanischen Zwang durch eine Forderung bezüglich des inneren
Verhaltens jedes einzelnen Elektrons. Die Naturwissenschaften. 13, 953-954 (1925)
Pauli, W.: Über den Zusammenhang des Abschlusses der Elektronengruppen im Atom mit der Komplexstruktur der Spektren. Z
Phys. 31, 765-783 (1925)
Broglie, L.d.: Recherches sur la théorie des quanta. 1st ed., 1-112 (1924)
Schrödinger, E.: Quantisierung als Eigenwertproblem. Ann Phys-Berlin. 386, 109-139 (1926)
Born, M.: Zur Quantenmechanik der Stoßvorgänge. Z Phys. 37, 863-867 (1926)
Born, M., Heisenberg, W., Jordan, P.: Zur Quantenmechanik. II. Z Phys. 35, 557-615 (1926)
Born, M., Jordan, P.: Zur Quantenmechanik. Z Phys. 34, 858-888 (1925)
Heisenberg, W.: Über den anschaulichen Inhalt der quantentheoretischen Kinematik und Mechanik. Z Phys. 43, 172-198 (1927)
Mandelstam, L., Leontowitsch, M.: Zur Theorie der Schrödingerschen Gleichung. Z Phys. 47, 131-136 (1928)
Dirac, P.A.M.: On the Theory of Quantum Mechanics. Proceedings of the Royal Society of London. Series A. 112, 661-677 (1926)
Fermi, E.: Zur Quantelung des idealen einatomigen Gases. Z Phys. 36, 902-912 (1926)
Mulliken, R.S.: Electronic Structures of Polyatomic Molecules and Valence. II. General Considerations. Phys Rev. 41, 49-71 (1932)
Mulliken, R.S.: Electronic Structures of Polyatomic Molecules and Valence VI. On the Method of Molecular Orbitals. The Journal of
chemical physics. 3, 375-378 (1935)
Hund, F.: Concerning the interpretation of complex spectra, especially the elements scandium to nickel. Z Phys. 33, 345-371 (1925)
Lewis, G.N.: The atom and the molecule. J Am Chem Soc. 38, 762-785 (1916)
Heitler, W., London, F.: Wechselwirkung neutraler Atome und homöopolare Bindung nach der Quantenmechanik. Z Phys. 44, 455472 (1927)
Pauling, L.: The Shared-Electron Chemical Bond. P Natl Acad Sci USA. 14, 359-362 (1928)
Pauling, L.: The nature of the chemical bond. II. The one-electron bond and the three-electron bond. J Am Chem Soc. 53, 32253237 (1931)
Pauling, L.: The nature of the chemical bond. Application of results obtained from the quantum mechanics and from a theory of
paramagnetic susceptibility to the structure of molecules. J Am Chem Soc. 53, 1367-1400 (1931)
Gillespie, R.J.: The electron-pair repulsion model for molecular geometry. J Chem Educ. 47, 18 (1970)
Gillespie, R.J., Nyholm, R.S.: Inorganic stereochemistry. Quarterly Reviews, Chemical Society. 11, 339-380 (1957)
Slater, J.C.: Directed Valence in Polyatomic Molecules. Phys Rev. 37, 481-489 (1931)
Slater, J.C.: Analytic Atomic Wave Functions. 42, 33-43 (1932)
Lennard-Jones, J.E.: The electronic structure of some diatomic molecules. Transactions of the Faraday Society. 25, 668-686 (1929)
Lennard-Jones, J.E.: Wave Functions of Many-Electron Atoms. Mathematical Proceedings of the Cambridge Philosophical Society.
27, 469-480 (1931)
Lennard-Jones, J.E.: The determination of molecular orbitals. Proceedings of the Royal Society of London. Series A. Mathematical
and Physical Sciences. 198, 1 (1949)
Lennard-Jones, J.E.: The molecular orbital theory of chemical valency. III. Properties of molecular orbitals. Proceedings of the Royal
Society of London. Series A. Mathematical and Physical Sciences. 202, 155 (1950)
Hall, G.G.: The Lennard-Jones paper of 1929 and the foundations of Molecular Orbital Theory. Advances in Quantum Chemistry.
22, 1-6 (1991)
Fock, V.: Näherungsmethode zur Lösung des quantenmechanischen Mehrkörperproblems. Z Phys. 61, 126-148 (1930)
Coulson, C.A.: Self-consistent field for molecular hydrogen. Mathematical Proceedings of the Cambridge Philosophical Society. 34,
204-212 (1938)
Hartree, D.R.: The Wave Mechanics of an Atom with a non-Coulomb Central Field. Part III. Term Values and Intensities in Series in
Optical Spectra. Mathematical Proceedings of the Cambridge Philosophical Society. 24, 426-437 (1928)
Hartree, D.R.: The Wave Mechanics of an Atom with a Non-Coulomb Central Field. Part I. Theory and Methods. Mathematical
Proceedings of the Cambridge Philosophical Society. 24, 89-110 (1928)
Hartree, D.R.: The Wave Mechanics of an Atom with a Non-Coulomb Central Field. Part II. Some Results and Discussion.
Mathematical Proceedings of the Cambridge Philosophical Society. 24, 111-132 (1928)
Hartree, D.R.: The Wave Mechanics of an Atom with a Non-Coulomb Central Field. Part IV. Further Results relating to Terms of the
Optical Spectrum. Mathematical Proceedings of the Cambridge Philosophical Society. 25, 310-314 (1929)
Van Vleck, J.H.: Theory of the Variations in Paramagnetic Anisotropy Among Different Salts of the Iron Group. Phys Rev. 41, 208215 (1932)
Griffith, J.S., Orgel, L.E.: Ligand-field theory. Quarterly Reviews, Chemical Society. 11, 381-393 (1957)
Bloch, F.: Über die Quantenmechanik der Elektronen in Kristallgittern. Z Phys. 52, 555-600 (1929)
Wilson, A.H.: Semi-conductors and metals - An introduction to the electron theory of metals. Cambridge Physical Tracts. 1st ed., 1119 (1939)
Stevin, S.: De Beghinselen der weeghconst, beschreven duer Simon Stevin van Brugghe. 1st ed., 1-95 (1586)
Galilei, G., Drabkin, I.E., Drake, S.: Galileo Galilei On Motion and On Mechanics Comprising De Motu (ca.1590) Translated with
Introduction and Notes by I.E. Drabkin and Le Meccaniche (ca.1600) Translated with Introduction and Notes by Stillman Drake.
Publications in medieval science. 1st ed., 1-193 (1960)
Kepler, J.: Astronomia nova aitiologhtos, seu physica coelestis, tradita commentariis de motibus stellae martis, es observationibus
G.V. Tychonis Brahe: Jussu & sumptibus Rudolphi II. Romanorum Imperatoris &c: Plurium annorum pertinaci studio elaborata
Pragae, ..., Joanne Keplero, ... 1st ed., 1-337 (1609)

205

207. Newton, I.: Philosophie naturalis principia mathematica, autore Is. Newton, Trin. Coll. Cantab. Soc. Matheseos Professore
Lucasiano, & Societatis Regalis Sodali. 1st ed., 1-510 (1687)
208. Einstein, A.: Die Grundlage der allgemeinen Relativitätstheorie. Ann Phys-Berlin. 354, 769-822 (1916)
209. Young, T.: A course of lectures on natural philosophy and the mechanical arts. 1st ed. 1-2, 1-796; 791-738 (1807)
210. Atkins, P.W., De Paula, J.: Atkins' physical chemistry. 8th ed., 1-116; 243-276 (2006)
211. Stahl, G.E.: D.D. Georgii Ernesti Stahlii consil. aulici et archiatri regii fundamenta chymiae dogmaticae et experimentalis, et quidem
tum communioris, physicae, mechanicae, pharmaceuticae ac medicae, tum sublimioris, sic dictae hermeticae atque alchymicae
olim in privatos auditorum usus posita, jam vero indultu autoris publicaeluci exposita. Annexus est ad Coronidis confirmationem
tractatus Isaaci Hollandi de salibus et oleis metallorum. 2nd ed. 1-2, 1-255; 251-276; 251-199 (1746)
212. Stahl, G.E., Montag, J.L.: Herrn Georg Ernst Stahls ... Zymotechnia fundamentalis, oder, Allgemeine Grund-Erkänntniss der
Gährungs-Kunst vermittelst welcher die Ursachen und Würckungen dieser alleredelsten Kunst, welche den nutzbahrsten und
subtilesten Theil der gantzen Chymie ausmacht, aus den wesentlichen mechanisch-physischen Haupt-Gründen überhaupt mit
höchstem Fleiss ans Licht gestellet, und mit einem neuen chymischen Experiment, wie ein wahrer Schwefel durch Kunst zum
Vorschein zu bringen; wie auch mit andern nützlichen Erfahrungs-Proben und Anmerckungen dem Publico mitgetheilet werden.
1st ed., 1-304 (1734)
213. Becher, J.J., Stahl, G.E.: Physica subterranea profundam subterraneorum genesin, e principiis hucusque ignotis, ostendens. 2nd ed.,
1-504 (1738)
214. Lavoisier, A.-L.d.: Réflexions sur le phlogistique, pour servir de développement à la théorie de la combustion et de la calcination,
publiée en 1777 par M. Lavoisier. Histoire de l'Académie royale des sciences ... avec les mémoires de mathématique & de
physique... tirez des registres de cette Académie. 505-538 (1783)
215. Savery, T.: The miner's friend or an engine to raise water by fire, described and of the manner of fixing it in mines with an account
of the several other uses it is applicable unto and an answer to the objections made against it. 1st ed., 1-53 (1827)
216. Papin, D.: Dion. Papini Nova Methodus ad Vires Motrices validissimas levi pretio comparandas. Acta eruditorum. 1, 410-414 (1690)
217. Rolt, L.T.C., Allen, J.S.: The steam engine of Thomas Newcomen. 1st ed., 31-57 (1977)
218. Watt, J.: Steam Engines, &c. Watt's Methode of Lessening the Consumption of Steam & Fuel in Fire Engines. Patent 913, 1-3 (1769)
219. Black, J.: The Supposed Effect of Boiling upon Water, in Disposing It to Freeze More Readily, Ascertained by Experiments. By Joseph
Black, M. D. Professor of Chemistry at Edinburgh, in a Letter to Sir John Pringle, Bart. P. R. S. Philosophical Transactions (16831775). 65, 124-128 (1775)
220. Thompson, B.: IV. An inquiry concerning the source of the heat which is excited by friction. Philosophical Transactions of the Royal
Society of London. 88, 80-102 (1798)
221. Boyle, R.: New experiments physico-mechanical touching the air whereunto is added a defence of the author's explication of the
experiments against the objections of Franciscus Linus and Thomas Hobbs written by way of letter to the right honorable Charles
Lord Vicount of Dungarvan, eldest son to the Earl of Corke. 1st ed., 1-203; 201-117; 201-102; 201-198; 201-198 (1682)
222. Dalton, J.: Essay II. On the force of steam or vapour from water and various other liquids, both in vacuum and in air. Memoirs of
the Literary and Philosophical Society of Manchester. 5, 550-574 (1802)
223. Dalton, J.: Essay IV. On the expansion of elastic fluids by heat. Memoirs of the Literary and Philosophical Society of Manchester. 5,
595-602 (1802)
224. Gay-Lussac: Recherches sur la dilatation des gaz et des vapeurs lues à l'Institute national, le 11 pluviose an 10. Annales de chimie
ou Recueil de mémoires concernant la chimie et les arts qui en dépendent. 43, 137-175 (1802)
225. Avogadro, A.: Journal de physique, de chimie, d'histoire naturelle et des arts. 73, 58-76 (1811)
226. Clapeyron, É.: Mémoire sur la puissance motrice de la chaleur. Journal de l'École Royale Polytechnique Publié par le Conseil
d'Instruction de cet Ètablissement. 23 - XIV, 153-190 (1834)
227. Mayer, J.R.: XLVIII. Remarks on the forces of inorganic nature. The London, Edinburgh, and Dublin Philosophical Magazine and
Journal of Science. 24, 371-377 (1862)
228. Mayer, J.R.: Bemerkungen über die Kräfte der unbelebten Natur. Justus Liebigs Annalen der Chemie. 42, 233-240 (1842)
229. Joule, J.P.: XXXI. On the existence of an equivalent relation between heat and the ordinary forms of mechanical power. The London,
Edinburgh, and Dublin Philosophical Magazine and Journal of Science. 27, 205-207 (1845)
230. Grove, W.R.: The correlation of physical forces. 6th ed., 1-466 (1874)
231. Helmholtz, H.: Über die Erhaltung der Kraft, eine physikalische Abhandlung, vorgetragen in der Sitzung der physikalischen
Gesellschaft zu Berlin am 23sten Juli 1847. 1st ed., 1-72 (1847)
232. Van der Waals, J.D.: Over de Continuiteit van den Gas-en Vloeistoftoestand. 1st ed., 1-134 (1873)
233. Galilei, G.: Discorsi e dimostrazioni matematiche, intorno à due nuove scienze attenenti alla mecanica & i movimenti locali. 1st ed.,
1-314 (1638)
234. Huygens, C.: Christiani Hugenii ... horologium oscillatorium sive de motu pendulorum ad horologia aptato demonstrationes
geometricae. 1st ed., 1-161 (1673)
235. Leibniz, G.W.: Leibniz, Gottfried Wilhelm: Sämtliche Schriften und Briefe; Reihe 3 Mathematischer, naturwissenschaftlicher und
technischer Briefwechsel. Band 7 Juli 1696 – Dezember 1698. 1st ed., (2015)
236. Leibniz, G.W., Ariew, R.: Philosophical essays. 1st ed., 1-366 (1989)
237. 's Gravesande, W.J., Allemand, J.N.S.: Oeuvres philos. et mathémat. de G. J. s' Gravesande publiées par J. N. S. Allemand. 1st ed.,
1-317 (1774)
238. Hagengruber, R.: Emilie du Châtelet between Leibniz and Newton. International archives of the history of ideas. 1-206 (2012)
239. Noether, E.: Invariante Variationsprobleme. Nachrichten von der Gesellschaft der Wissenschaften zu Göttingen, MathematischPhysikalische Klasse. 235-257 (1918)
240. Bernoulli, D.: De Legibus Quibusdam Mechanicis, Quas Natura Constanter Affectat Nondum Descriptis, Earumque Usu
Hydrodynamico, Pro Determinanda Vi Venae Aqueae Contra Planum Incurrentis. Commentarii Academiae scientiarum imperialis
Petropolitanae. VIII, 99-127 (1736)

206

241. Poncelet, J.V.: Introduction à la mécanique industrielle, physique ou expérimentale. 2nd ed., 1-719 (1841)
242. Coriolis, G.: Du calcul de l'effet des machines, ou Considérations sur l'emploi des moteurs et sur leur évaluation pour servir
d'introduction à l'étude spéciale des machines. 1st ed., 1-270 (1829)
243. Coriolis, G.: Mémoire sur les équations du mouvement relatif des systèmes de corps. Journal de l'École polytechnique. 15, 142-154
(1835)
244. Coriolis, G.: Mémoire sur le principe des forces vives dans les mouvements relatifs des Machines. Journal de l'École polytechnique.
XIII, 268-302 (1832)
245. Herapath, J.: On the physical properties of gasas. Annals of Philosophy. 8, 56-60 (1816)
246. Herapath, J.: A mathematical inquiry into the causes, laws and principle phenomena of heat, gases, gravitation, &c. Annals of
Philosophy. 1, 273-293 (1821)
247. Carnot, S.: Réflexions sur la puissance motrice du feu et sur les machines propres à développer cette puissance. 1st ed., 1-118
(1824)
248. Cropper, W.H.: Rudolf Clausius and the road to entropy. Am J Phys. 54, 1068-1074 (1986)
249. Thomson, W.: On an Absolute Thermometric Scale founded on Carnot's Theory of the Motive Power of Heat, and calculated from
Regnault's observations. P Camb Philos Soc. 1, 66–71 (1848)
250. Clausius, R.: Ueber die bewegende Kraft der Wärme und die Gesetze, welche sich daraus für die Wärmelehre selbst ableiten lassen.
Ann Phys-Berlin. 155, 368-397 (1850)
251. Krönig, A.: Grundzüge einer Theorie der Gase. Ann Phys-Berlin. 175, 315-322 (1856)
252. Clausius, R.: Ueber die Art der Bewegung, welche wir Wärme nennen. Ann Phys-Berlin. 176, 353-380 (1857)
253. Maxwell, J.C.: V. Illustrations of the dynamical theory of gases.—Part II. On the process of diffusion of two or more kinds of moving
particles among one another. The London, Edinburgh, and Dublin Philosophical Magazine and Journal of Science. 20, 21-27 (1860)
254. Maxwell, J.C.: V. Illustrations of the dynamical theory of gases.—Part I. On the motions and collisions of perfectly elastic spheres.
The London, Edinburgh, and Dublin Philosophical Magazine and Journal of Science. 19, 19-32 (1860)
255. Maxwell, J.C.: Molecules. Nature. 8, 437-441 (1873)
256. Boltzmann, L.: Ueber die Natur der Gasmoleküle. Ann Phys-Berlin. 236, 175-176 (1877)
257. Boltzmann, L.: Nochmals das Maxwell'sche Vertheilungsgesetz der Geschwindigkeiten. Ann Phys-Berlin. 291, 223-224 (1895)
258. Waterston, J.J., Rayleigh, L.: I. On the physics of media that are composed of free and perfectly elastic molecules in a state of
motion. Philosophical Transactions of the Royal Society of London. (A.). 183, 1 (1892)
259. Clausius, R.: Ueber verschiedene für die Anwendung bequeme Formen der Hauptgleichungen der mechanischen Wärmetheorie.
Ann Phys-Berlin. 201, 353-400 (1865)
260. Planck, M.: Ueber das Gesetz der Energieverteilung im Normalspectrum. Ann Phys-Berlin. 309, 553-563 (1901)
261. Gibbs, J.W.: The scientific papers of J. Willard Gibbs. Dover books on physics and mathematical physics. 1st ed. 1-2, 1-434; 431-284
(1961)
262. Gibbs, J.W.: On the Equilibrium of Heterogeneous Substances. Transactions of the Connecticut Academy of Arts and Sciences. 3,
108-248; 343-524 (1878)
263. Hess, G.H.: Recherches sur les quantités de chaleur dégagées dans les combinaisons chimiques. Comptes Rendus de L'Académie
des Sciences. Académie des sciences. 10, 759-763 (1840)
264. Einstein, A.: Über die von der molekularkinetischen Theorie der Wärme geforderte Bewegung von in ruhenden Flüssigkeiten
suspendierten Teilchen. Ann Phys-Berlin. 322, 549-560 (1905)
265. Smoluchowski, M.v.: Zur kinetischen Theorie der Brownschen Molekularbewegung und der Suspensionen. Ann Phys-Berlin. 326,
756-780 (1906)
266. Brown, R.: XXVII. A brief account of microscopical observations made in the months of June, July and August 1827, on the particles
contained in the pollen of plants; and on the general existence of active molecules in organic and inorganic bodies. The
Philosophical Magazine. 4, 161-173 (1828)
267. Nernst, W.: Die theoretischen und experimentellen Grundlagen des neuen Wärmesatzes. 1st ed., 1-215 (1918)
268. Rankine, W.J.M.: VII.- On the Mechanical Action of Heat, especially in Gases and Vapours. Transactions of the Royal Society of
Edinburgh. 20, 147-190 (1850)
269. Rankine, W.J.M.: XVIII. On the General Law of the Transformation of Energy. The London, Edinburgh and Dublin philosophical
magazine and journal of science. 5, 106-117 (1853)
270. Descartes, R.: Le monde de Mr. Descartes ou le traité de la lumière et des autres principaux objets des sens avec un discours du
mouvement local, et un autre des fièvres, composez selon les principes du même auteur. 1st ed., 1-260 (1664)
271. Descartes, R.: Discours de la méthode pour bien conduire sa raison & chercher la vérité dans les sciences. Plus la dioptrique et les
météores. 1st ed., 1-294 (1658)
272. Hooke, R., Waller, R.: The posthumous works of Robert Hooke containing his Cutlerian lectures and other discourses, read at the
meetings of the illustrious Royal Society to these discourses is prefixt the author's life, giving an account of his studies and
employments. 1st ed., 1-572 (1705)
273. Hooke, R.: Micrographia: or some physiological descriptions of minute bodies made by magnifying glasses with observations and
inquiries thereupon. 1st ed., 1-246 (1665)
274. Huygens, C.: Traité de la lumiere, où sont expliquées les causes de ce qui luy arrive dans la reflexion, & dans la refraction. Et
particulierement dans l'etrange refraction du cristal d'Islande. 1st ed., 1-180 (1690)
275. Newton, I.: Opticks or, a Treatise of the reflexions, refractions, inflexions and colours of light. Also two treatises of the species and
magnitude of curvilinear figures. 1st ed., 1-144; 141-211 (1704)
276. Young, T.: The Bakerian Lecture: Experiments and Calculations Relative to Physical Optics. Philosophical Transactions of the Royal
Society of London. 94, 1-16 (1804)
277. Fresnel, A.J.: Oeuvres complètes d'Augustin Fresnel. 1st ed., 1-804 (1866)

207

278. Delisle, J.-N.: Réflexions sur l'Expérience que j'ai rapportée à l'Académie d'un Anneau lumineux semblable à celui que l'on apperçoit
autour de la Lune dans les Eclipses totales du Soleil. Par M. Delisle le cadet. Histoire de l'Académie royale des sciences ... avec les
mémoires de mathématique & de physique... tirez des registres de cette Académie 166-169 (1715)
279. Michelson, A.A., Morley, E.W.: On the relative motion of the Earth and the luminiferous ether. American Journal of Science third
series. 34, 333-345 (1887)
280. Faraday, M., Day, P.: The philosopher's tree: a selection of Michael Faraday's writings. 1st ed., 1-211 (1999)
281. Planck, M.: Ueber irreversible Strahlungsvorgänge. Ann Phys-Berlin. 306, 69-122 (1900)
282. Planck, M.: Entropie und Temperatur strahlender Wärme. Ann Phys-Berlin. 306, 719-737 (1900)
283. Planck, M.: Zur Theorie des Gesetzes der Energieverteilung im Normalspectrum. Verhandlungen der Deutschen Physikalischen
Gesellschaft. 2, 237-345 (1900)
284. Planck, M.: Über eine Verbesserung der Wienschen Spektralgleichung. Verhandlungen der Deutschen Physikalischen Gesellschaft.
2, 202-204 (1900)
285. Boltzmann, L.: Ableitung des Stefan'schen Gesetzes, betreffend die Abhängigkeit der Wärmestrahlung von der Temperatur aus der
electromagnetischen Lichttheorie. Ann Phys-Berlin. 258, 291-294 (1884)
286. Violle, J.: STEFAN. — Ueber die Beziehung zwischen der Wärmestrahlung und der Temperatur (Sur la relation entre le rayonnement
calorifique et la température) Sitzungs berichte d. K. Akademie d. Wissenschaften in Wien, p. 84. Journal de Physique Théorique
et Appliquée. 10, 317-319 (1881)
287. Einstein, A.: Über einen die Erzeugung und Verwandlung des Lichtes betreffenden heuristischen Gesichtspunkt. Ann Phys-Berlin.
322, 132-148 (1905)
288. Millikan, R.A.: A Direct Determination of "h.". Phys Rev. 4, 73-75 (1914)
289. Compton, A.H.: A Quantum Theory of the Scattering of X-rays by Light Elements. Phys Rev. 21, 483-502 (1923)
290. Lewis, G.N.: The Conservation of Photons. Nature. 118, 874 (1926)
291. Thomson, J.J.: XLVII. On rays of positive electricity. The London, Edinburgh, and Dublin Philosophical Magazine and Journal of
Science. 13, 561-575 (1907)
292. Thomson, J.J.: Bakerian Lecture:—Rays of positive electricity. Proceedings of the Royal Society of London. Series A. 89, 1 (1913)
293. Aston, F.W.: LXXIV. A positive ray spectrograph. The London, Edinburgh, and Dublin Philosophical Magazine and Journal of Science.
38, 707-714 (1919)
294. Bartky, W., Dempster, A.J.: Paths of Charged Particles in Electric and Magnetic Fields. Phys Rev. 33, 1019-1022 (1929)
295. Dempster, A.J.: New Methods in Mass Spectroscopy. Proceedings of the American Philosophical Society. 75, 755-767 (1935)
296. Mattauch, J.: Zur Systematik der Isotopen. Z Phys. 91, 361-371 (1934)
297. Mattauch, J., Herzog, R.: Über einen neuen Massenspektrographen. Z Phys. 89, 786-795 (1934)
298. Ewald, H.: Eine Neukonstruktion des Mattauch-Herzog'schen doppelfokussierenden Massenspektrographen. Zeitschrift für
Naturforschung A. 1, 131 (1946)
299. Lawrence, E.O., Livingston, M.S.: The Production of High Speed Light Ions Without the Use of High Voltages. Phys Rev. 40, 19-35
(1932)
300. Parkins, W.E.: The Uranium Bomb, the Calutron, and the Space-Charge Problem. Physics Today. 58, 45-51 (2005)
301. Einstein, A.: Ist die Trägheit eines Körpers von seinem Energieinhalt abhängig? Ann Phys-Berlin. 323, 639-641 (2006)
302. Bainbridge, K.T.: The Equivalence of Mass and Energy. Phys Rev. 44, 123-123 (1933)
303. Weizsäcker, C.F.v.: Zur Theorie der Kernmassen. Z Phys. 96, 431-458 (1935)
304. Hammer, W.: Über eine direkte Messung der Geschwindigkeit von Wasserstofkanalstrahlen und über die Verwendung derselben
zur Bestimmung ihrer spezifischen Ladung. Phys Z. 12, 1077-1080 (1911)
305. E., S.W. Bull. Am. Phys. Soc. 21, (1946)
306. Wolff, M.M., Stephens, W.E.: A Pulsed Mass Spectrometer with Time Dispersion. Rev Sci Instrum. 24, 616-617 (1953)
307. Paul, W., Steinwedel, H.: Notizen: Ein neues Massenspektrometer ohne Magnetfeld. Zeitschrift für Naturforschung A. 8, 448 (1953)
308. Gärtner, G., Klempt, E.: A direct determination of the proton-electron mass ratio. Zeitschrift für Physik A Atoms and Nuclei. 287, 16 (1978)
309. Cooks, R.G., Rockwood, A.L.: The 'Thomson'. A Suggested Unit for Mass Spectroscopists. Rapid Commun Mass Sp. 5, 93 (1991)
310. Gross, J.H.: Mass spectrometry: a textbook. 2nd ed., 21-221; 507-560; 651-684 (2010)
311. Penning, F.M.: Über Ionisation durch metastabile Atome. Die Naturwissenschaften. 15, 818-818 (1927)
312. Hornbeck, J.A., Molnar, J.P.: Mass Spectrometric Studies of Molecular Ions in the Noble Gases. Phys Rev. 84, 621-625 (1951)
313. Langmuir, I., Kingdon, K.H.: Thermionic Effects Caused by Vapours of Alkali Metals. Proceedings of the Royal Society of London.
Series A, Containing Papers of a Mathematical and Physical Character. 107, 61-79 (1925)
314. Turnbull, A.H.: Surface ionisation techniques in mass spectrometry. United Kingdom Atomic Energy Authority, Research Group,
Chemistry Division, Atomic Energy Research Establishment, Harwell Berkshire. 1-6 (1963)
315. Kingdon, K.H., Langmuir, I.: The Removal of Thorium from the Surface of a Thoriated Tungsten Filament by Positive Ion
Bombardment. Phys Rev. 22, 148-160 (1923)
316. Saha, M.N.: LIII. Ionization in the solar chromosphere. The London, Edinburgh, and Dublin Philosophical Magazine and Journal of
Science. 40, 472-488 (1920)
317. Saha, M.N.: On a physical theory of stellar spectra. Proceedings of the Royal Society of London. Series A. 99, 135 (1921)
318. Munson, M.S.B., Field, F.H.: Chemical Ionization Mass Spectrometry. I. General Introduction. J Am Chem Soc. 88, 2621-2630 (1966)
319. Herzog, R.F.K., Viehböck, F.P.: Ion Source for Mass Spectrography. Phys Rev. 76, 855-856 (1949)
320. Honig, R.E.: Sputtering of Surfaces by Positive Ion Beams of Low Energy. J Appl Phys. 29, 549-555 (1958)
321. Barber, M., Bordoli, R.S., Sedgwick, R.D., Tyler, A.N.: Fast atom bombardment of solids as an ion source in mass spectrometry.
Nature. 293, 270 (1981)
322. Morris, H.R., Panico, M., Barber, M., Bordoli, R.S., Sedgwick, R.D., Tyler, A.: Fast atom bombardment: A new mass spectrometric
method for peptide sequence analysis. Biochemical and biophysical research communications. 101, 623-631 (1981)

208

323. Einstein, A.: Quantum theory of radiation. Phys Z. 18, 121-128 (1917)
324. Kopfermann, H., Ladenburg, R.: Experimental Proof of ‘Negative Dispersion.’. Nature. 122, 438 (1928)
325. Gordon, J.P., Zeiger, H.J., Townes, C.H.: The Maser−New Type of Microwave Amplifier, Frequency Standard, and Spectrometer.
Phys Rev. 99, 1264-1274 (1955)
326. Schawlow, A.L., Townes, C.H.: Infrared and Optical Masers. Phys Rev. 112, 1940-1949 (1958)
327. Sands, R.H., Franken, P.A. The Ann Arbor Conference on Optical Pumping, the University of Michigan, June 15 through June 18,
1959. iii, 187 p. (1959)
328. Bertolotti, M.: The history of the laser. 1st ed., 226-234 (2005)
329. Maiman, T.H.: Stimulated Optical Radiation in Ruby. Nature. 187, 493 (1960)
330. Javan, A., Bennett, W.R., Herriott, D.R.: Population Inversion and Continuous Optical Maser Oscillation in a Gas Discharge
Containing a He-Ne Mixture. Phys Rev Lett. 6, 106-110 (1961)
331. Beaulieu, A.J.: Transversely excited atmospheric pressure CO2 lasers. Appl Phys Lett. 16, 504-505 (1970)
332. Van der Peijl, G.J.Q.: Desorption and ionization processes in laser mass spectrometry. 9-68 (1984)
333. Levine, L.P., Ready, J.F., Bernal G, E.: Gas Desorption Produced by a Giant Pulse Laser. J Appl Phys. 38, 331-336 (1967)
334. Karas, M., Hillenkamp, F.: Laser desorption ionization of proteins with molecular masses exceeding 10,000 daltons. Anal Chem. 60,
2299-2301 (1988)
335. Tanaka, K., Waki, H., Ido, Y., Akita, S., Yoshida, Y., Yoshida, T., et al.: Protein and polymer analyses up to m/z 100 000 by laser
ionization time-of-flight mass spectrometry. Rapid Commun Mass Sp. 2, 151-153 (1988)
336. Karas, M., Bachmann, D., Hillenkamp, F.: Influence of the wavelength in high-irradiance ultraviolet laser desorption mass
spectrometry of organic molecules. Anal Chem. 57, 2935-2939 (1985)
337. Geusic, J.E., Marcos, H.M., Uitert, L.G.V.: Laser oscillations in Nd‐doped yttrium aluminum, yttrium gallium and gadolinium
garnets. Appl Phys Lett. 4, 182-184 (1964)
338. Pollak, T., Wing, W., Grasso, R., Chicklis, E., Jenssen, H.: CW laser operation of Nd:YLF. Ieee J Quantum Elect. 18, 159-163 (1982)
339. Menzel, C., Dreisewerd, K., Berkenkamp, S., Hillenkamp, F.: Mechanisms of energy deposition in infrared matrix-assisted laser
desorption/ionization mass spectrometry. Int J Mass Spectrom. 207, 73-96 (2001)
340. Menzel, C., Dreisewerd, K., Berkenkamp, S., Hillenkamp, F.: The role of the laser pulse duration in infrared matrix-assisted laser
desorption/ionization mass spectrometry. J Am Soc Mass Spectr. 13, 975-984 (2002)
341. Dreisewerd, K.: The desorption process in MALDI. Chem Rev. 103, 395-425 (2003)
342. Langmuir, I.: Oscillations in ionized gases. P Natl Acad Sci USA. 14, 627-637 (1928)
343. Gray, A.L.: Solid sample introduction by laser ablation for inductively coupled plasma source mass spectrometry. The Analyst. 110,
551-556 (1985)
344. Thompson, M., Goulter, J.E., Sieper, F.: Laser ablation for the introduction of solid samples into an inductively coupled plasma for
atomic-emission spectrometry. The Analyst. 106, 32-39 (1981)
345. Zeleny, J.: The Electrical Discharge from Liquid Points, and a Hydrostatic Method of Measuring the Electric Intensity at Their
Surfaces. Phys Rev. 3, 69-91 (1914)
346. Nolan, J.J.: The Breaking of Water-Drops by Electric Fields. Proceedings of the Royal Irish Academy. Section A: Mathematical and
Physical Sciences. 37, 28-39 (1924)
347. Wilson, C.T.R., Taylor, G.I.: The bursting of soap-bubbles in a uniform electric field. Mathematical Proceedings of the Cambridge
Philosophical Society. 22, 728-730 (1925)
348. Taylor, G.: Disintegration of water drops in an electric field. Proceedings of the Royal Society of London. Series A. Mathematical
and Physical Sciences. 280, 383 (1964)
349. Dole, M., Mack, L.L., Hines, R.L., Mobley, R.C., Ferguson, L.D., Alice, M.B.: Molecular Beams of Macroions. The Journal of chemical
physics. 49, 2240-2249 (1968)
350. Fenn, J.B.: Electrospray ionization mass spectrometry: How it all began. J Biomol Tech. 13, 101-118 (2002)
351. Mora, J.F., Van Berkel, G.J., Enke, C.G., Cole, R.B., Martinez-Sanchez, M., Fenn, J.B.: Electrochemical processes in electrospray
ionization mass spectrometry. J Mass Spectrom. 35, 939-952 (2000)
352. Fenn, J.B.: Ion formation from charged droplets: Roles of geometry, energy, and time. J Am Soc Mass Spectrom. 4, 524-535 (1993)
353. Boyle, J.G., Whitehouse, C.M., Fenn, J.B.: An ion-storage time-of-flight mass spectrometer for analysis of electrospray ions. Rapid
communications in mass spectrometry : RCM. 5, 400-405 (1991)
354. Meng, C.K., Fenn, J.B.: Analyzing organic molecules with electrospray mass spectrometry. Am Biotechnol Lab. 8, 54-60 (1990)
355. Fenn, J.B., Mann, M., Meng, C.K., Wong, S.F., Whitehouse, C.M.: Electrospray ionization for mass spectrometry of large
biomolecules. Science. 246, 64-71 (1989)
356. Whitehouse, C.M., Dreyer, R.N., Yamashita, M., Fenn, J.B.: Electrospray interface for liquid chromatographs and mass
spectrometers. Anal Chem. 57, 675-679 (1985)
357. Kleinekofort, W., Pfenninger, A., Plomer, T., Griesinger, C., Brutschy, B.: Observation of noncovalent complexes using laser-induced
liquid beam ionization/desorption. International Journal of Mass Spectrometry and Ion Processes. 156, 195-202 (1996)
358. Takáts, Z., Wiseman, J.M., Gologan, B., Cooks, R.G.: Mass Spectrometry Sampling Under Ambient Conditions with Desorption
Electrospray Ionization. Science. 306, 471-473 (2004)
359. Horning, E.C., Horning, M.G., Carroll, D.I., Dzidic, I., Stillwell, R.N.: New picogram detection system based on a mass spectrometer
with an external ionization source at atmospheric pressure. Anal Chem. 45, 936-943 (1973)
360. Carroll, D.I., Dzidic, I., Stillwell, R.N., Haegele, K.D., Horning, E.C.: Atmospheric pressure ionization mass spectrometry. Corona
discharge ion source for use in a liquid chromatograph-mass spectrometer-computer analytical system. Anal Chem. 47, 2369-2373
(1975)
361. Carroll, D.I., Dzidic, I., Stillwell, R.N., Horning, M.G., Horning, E.C.: Subpicogram detection system for gas phase analysis based upon
atmospheric pressure ionization (API) mass spectrometry. Anal Chem. 46, 706-710 (1974)

209

362. Cody, R.B., Laramée, J.A., Durst, H.D.: Versatile New Ion Source for the Analysis of Materials in Open Air under Ambient Conditions.
Anal Chem. 77, 2297-2302 (2005)
363. Thomson, B.A.: Atmospheric pressure ionization and liquid chromatography/mass spectrometry—together at last. J Am Soc Mass
Spectr. 9, 187-193 (1998)
364. Nordhoff, E., Ingendoh, A., Cramer, R., Overberg, A., Stahl, B., Karas, M., et al.: Matrix‐assisted laser desorption/ionization mass
spectrometry of nucleic acids with wavelengths in the ultraviolet and infrared. Rapid Commun Mass Sp. 6, 771-776 (1992)
365. Liao, P.C., Allison, J.: Ionization processes in matrix‐assisted laser desorption/ionization mass spectrometry: Matrix‐dependent
formation of [M + H]+ vs [M + Na]+ ions of small peptides and some mechanistic comments. J Mass Spectrom. 30, 408-423 (1995)
366. Bajuk, A., Głuch, K., Michalak, L.: Effect of impurities on the matrix‐assisted laser desorption/ionization mass spectra of insulin.
Rapid Commun Mass Sp. 15, 2383-2386 (2001)
367. Stahl, B., Steup, M., Karas, M., Hillenkamp, F.: Analysis of neutral oligosaccharides by matrix-assisted laser desorption ionization
mass spectrometry. Anal Chem. 63, 1463-1466 (1991)
368. Wu, K.J., Odom, R.W.: Peer Reviewed: Characterizing Synthetic Polymers by MALDI MS. Anal Chem. 70, 456A-461A (1998)
369. Poehlein Sara, K., Dormady Shelly, J., McMillin David, R., Regnier Fred, E.: Metallocenes as cationizing agents in the characterization
of polystyrenes and polyethylene glycols by matrix‐assisted laser desorption/ionization time‐of‐flight mass spectrometry.
Rapid Commun Mass Sp. 13, 1349-1353 (1999)
370. Wang, B.H., Dreisewerd, K., Bahr, U., Karas, M., Hillenkamp, F.: Gas-Phase cationization and protonation of neutrals generated by
matrix-assisted laser desorption. J Am Soc Mass Spectr. 4, 393-398 (1993)
371. Medina, N., Huth‐Fehre, T., Westman, A., Sundqvist, B.U.R.: Matrix‐assisted laser desorption: Dependence of the threshold
fluence on analyte concentration. Org Mass Spectrom. 29, 207-209 (1994)
372. Strupat, K., Karas, M., Hillenkamp, F.: 2,5-Dihydroxybenzoic acid: a new matrix for laser desorption—ionization mass spectrometry.
International Journal of Mass Spectrometry and Ion Processes. 111, 89-102 (1991)
373. Horneffer, V., Dreisewerd, K., Lüdemann, H.C., Hillenkamp, F., Läge, M., Strupat, K.: Is the incorporation of analytes into matrix
crystals a prerequisite for matrix-assisted laser desorption/ionization mass spectrometry? A study of five positional isomers of
dihydroxybenzoic acid. Dedicated to Professor Michael T. Bowers on the occasion of his 60th birthday. Int J Mass Spectrom. 185187, 859-870 (1999)
374. Kampmeier, J., Dreisewerd, K., Schürenberg, M., Strupat, K.: Investigations of 2,5-DHB and succinic acid as matrices for IR and UV
MALDI. Part: I UV and IR laser ablation in the MALDI process. International Journal of Mass Spectrometry and Ion Processes. 169170, 31-41 (1997)
375. Kim Sung, H., Shin Chul, M., Yoo Jong, S.: First application of thermal vapor deposition method to matrix‐assisted laser desorption
ionization mass spectrometry: determination of molecular mass of bis(p‐methyl benzylidene) sorbitol. Rapid Commun Mass Sp.
12, 701-704 (1998)
376. Önnerfjord, P., Ekström, S., Bergquist, J., Nilsson, J., Laurell, T., Marko‐Varga, G., et al.: Homogeneous sample preparation for
automated high throughput analysis with matrix‐assisted laser desorption/ionisation time‐of‐flight mass spectrometry. Rapid
Commun Mass Sp. 13, 315-322 (1999)
377. Doktycz Stephen, J., Savickas Philip, J., Krueger Duane, A.: Matrix/sample interactions in ultraviolet laser‐desorption of proteins.
Rapid Commun Mass Sp. 5, 145-148 (1991)
378. Hensel Russell, R., King Richard, C., Owens Kevin, G., Lubman, D.: Electrospray sample preparation for improved quantitation in
matrix‐assisted laser desorption/ionization time‐of‐flight mass spectrometry. Rapid Commun Mass Sp. 11, 1785-1793 (1998)
379. Horneffer, V., Forsmann, A., Strupat, K., Hillenkamp, F., Kubitscheck, U.: Localization of Analyte Molecules in MALDI Preparations
by Confocal Laser Scanning Microscopy. Anal Chem. 73, 1016-1022 (2001)
380. Horneffer, V., Reichelt, R., Strupat, K.: Protein incorporation into MALDI-matrix crystals investigated by high resolution field
emission scanning electron microscopy. Int J Mass Spectrom. 226, 117-131 (2003)
381. Chan T‐, W.D., Colburn, A.W., Derrick Peter, J., Gardiner Derek, J., Bowden, M.: Suppression of matrix ions in ultraviolet laser
desorption: Scanning electron microscopy and raman spectroscopy of the solid samples. Org Mass Spectrom. 27, 188-194 (1992)
382. Westman, A., Huth ‐ Fehre, T., Demirev, P., Sundqvist, B.U.R.: Sample morphology effects in matrix ‐ assisted laser
desorption/ionization mass spectrometry of proteins. J Mass Spectrom. 30, 206-211 (1995)
383. Gusev, A.I., Wilkinson, W.R., Proctor, A., Hercules, D.M.: Improvement of signal reproducibility and matrix/comatrix effects in
MALDI analysis. Anal Chem. 67, 1034-1041 (1995)
384. Hauksbee, F.: An Account of an Experiment Touching the Ascent of Water between Two Glass Planes, in an Hyperbolick Figure. By
Mr. Francis Hauksbee, F. R. S. Philosophical Transactions (1683-1775). 27, 539-540 (1710)
385. Hauksbee, F.: An Account of an Experiment Touching the Direction of a Drop of Oil of Oranges, between Two Glass Planes, towards
Any Side of Them That is Nearest Press'd Together. By Mr. Fr. Hauksbee, F. R. S. Philosophical Transactions (1683-1775). 27, 395396 (1710)
386. Young, T.: III. An essay on the cohesion of fluids. Philosophical Transactions of the Royal Society of London. 95, 65-87 (1805)
387. Laplace, P.S.: Supplément au dixième livre du traité de méchanique céleste. Sur l'action capillaire; Supplément a la théorie de
l'action capillaire. Traité de mécanique céleste. 1st ed. IV, 1-65; 61-78 (1805)
388. Gauss, C.F.: Principia generalia theoriae figurae fluidorum in statu aequilibrii. 1st ed., 1-53 (1830)
389. Deegan, R.D., Bakajin, O., Dupont, T.F., Huber, G., Nagel, S.R., Witten, T.A.: Capillary flow as the cause of ring stains from dried
liquid drops. Nature. 389, 827 (1997)
390. Thomson, J.: XLII. On certain curious motions observable at the surfaces of wine and other alcoholic liquors. The London, Edinburgh,
and Dublin Philosophical Magazine and Journal of Science. 10, 330-333 (1855)
391. Hu, H., Larson, R.G.: Marangoni Effect Reverses Coffee-Ring Depositions. The Journal of Physical Chemistry B. 110, 7090-7094
(2006)

210

392. Keller, B.O., Li, L.: Three-layer matrix/sample preparation method for MALDI MS analysis of low nanomolar protein samples. J Am
Soc Mass Spectrom. 17, 780-785 (2006)
393. Hankin, J.A., Barkley, R.M., Murphy, R.C.: Sublimation as a method of matrix application for mass spectrometric imaging. J Am Soc
Mass Spectr. 18, 1646-1652 (2007)
394. Aerni, H.-R., Cornett, D.S., Caprioli, R.M.: Automated Acoustic Matrix Deposition for MALDI Sample Preparation. Anal Chem. 78,
827-834 (2006)
395. Chin, J., Wood, E., Peters, G.S., Drexler, D.M.: Acoustic Sample Deposition MALDI-MS (ASD-MALDI-MS):A Novel Process Flow for
Quality Control Screening of Compound Libraries. Journal of Laboratory Automation. 21, 204-207 (2016)
396. Zhigilei, L.V., Garrison, B.J.: Microscopic mechanisms of laser ablation of organic solids in the thermal and stress confinement
irradiation regimes. J Appl Phys. 88, 1281-1298 (2000)
397. Zhigilei, L.V., Kodali, P.B.S., Garrison, B.J.: A microscopic view of laser ablation. J Phys Chem B. 102, 2845-2853 (1998)
398. Wortmann, A., Pimenova, T., Alves, S., Zenobi, R.: Investigation of the first shot phenomenon in MALDI mass spectrometry of
protein complexes. The Analyst. 132, 199-207 (2007)
399. Rosinke, B., Strupat, K., Hillenkamp, F., Rosenbusch, J., Dencher, N., Kruger, U., et al.: Matrix-Assisted Laser Desorption/Ionization
Mass-Spectrometry (Maldi-Ms) of Membrane-Proteins and Noncovalent Complexes. J Mass Spectrom. 30, 1462-1468 (1995)
400. Bencsura, A., Navale, V., Sadeghi, M., Vertes, A.: Matrix–Guest Energy Transfer in Matrix‐assisted Laser Desorption. Rapid
Commun Mass Sp. 11, 679-682 (1998)
401. Johnson, R.E.: Models for matrix-assisted desorption by a laser-pulse. International Journal of Mass Spectrometry and Ion
Processes. 139, 25-38 (1994)
402. Vertes, A., Gijbels, R., Levine, R.D.: Homogeneous bottleneck model of matrix‐assisted ultraviolet laser desorption of large
molecules. Rapid Commun Mass Sp. 4, 228-233 (1990)
403. Brannon, J.H., Lankard, J.R., Baise, A.I., Burns, F., Kaufman, J.: Excimer laser etching of polyimide. J Appl Phys. 58, 2036-2043 (1985)
404. Beavis, R.C., Chait, B.T.: Velocity distributions of intact high mass polypeptide molecule ions produced by matrix assisted laser
desorption. Chem Phys Lett. 181, 479-484 (1991)
405. Bokelmann, V., Spengler, B., Kaufmann, R.: Dynamical Parameters of Ion Ejection and Ion Formation in Matrix-Assisted Laser
Desorption/Ionization. Eur Mass Spectrom. 1, 81-93 (1995)
406. Fournier, I., Brunot, A., Tabet, J.C., Bolbach, G.: Delayed extraction experiments using a repulsive potential before ion extraction:
evidence of clusters as ion precursors in UV-MALDI. Part I: dynamical effects with the matrix 2,5-dihydroxybenzoic acid. Int J Mass
Spectrom. 213, 203-215 (2002)
407. Fournier, I., Brunot, A., Tabet, J.C., Bolbach, G.: Delayed extraction experiments using a repulsing potential before ion extraction:
evidence of non‐covalent clusters as ion precursor in UV matrix‐assisted laser desorption/ionization. Part II—Dynamic effects
with α‐cyano‐4‐hydroxycinnamic acid matrix. J Mass Spectrom. 40, 50-59 (2004)
408. Knochenmuss, R.: Photoionization pathways and free electrons in UV-MALDI. Anal Chem. 76, 3179-3184 (2004)
409. Puretzky, A.A., Geohegan, D.B., Hurst, G.B., Buchanan, M.V., Luk'yanchuk, B.S.: Imaging of vapor plumes produced by matrix
assisted laser desorption: A plume sharpening effect. Phys Rev Lett. 83, 444-447 (1999)
410. Schürenberg, M., Schulz, T., Dreisewerd, K., Hillenkamp, F.: Matrix ‐ assisted Laser Desorption/Ionization in Transmission
Geometry: Instrumental Implementation and Mechanistic Implications. Rapid Commun Mass Sp. 10, 1873-1880 (1996)
411. Juhasz, P., Vestal, M.L., Martin, S.A.: On the initial velocity of ions generated by matrix-assisted laser desorption ionization and its
effect on the calibration of delayed extraction time-of-flight mass spectra. J Am Soc Mass Spectr. 8, 209-217 (1997)
412. Glückmann, M., Karas, M.: The initial ion velocity and its dependence on matrix, analyte and preparation method in ultraviolet
matrix‐assisted laser desorption/ionization. J Mass Spectrom. 34, 467-477 (1999)
413. Pan, Y., Cotter Robert, J.: Measurement of initial translational energies of peptide ions in laser desorption/ionization mass
spectrometry. Org Mass Spectrom. 27, 3-8 (1992)
414. Huth‐Fehre, T., Becker, C.H., Beavis Ronald, C.: Energetics of gramicidin S after UV laser desorption from a ferulic acid matrix.
Rapid Commun Mass Sp. 5, 378-382 (1991)
415. Zhou, J., Ens, W., Standing, K.G., Verentchikov, A., Sundqvist, B.U.R.: Kinetic energy measurements of molecular ions ejected into
an electric field by matrix‐assisted laser desorption. Rapid Commun Mass Sp. 6, 671-678 (1992)
416. Kinsel Gary, R., Edmondson Ricky, D., Russell David, H.: Profile and Flight Time Analysis of Bovine Insulin Clusters as a Probe of
Matrix‐assisted Laser Desorption/Ionization Ion Formation Dynamics. J Mass Spectrom. 32, 714-722 (1998)
417. Kinsel Gary, R., Gimon‐Kinsel Mary, E., Gillig Kent, J., Russell David, H.: Investigation of the dynamics of matrix‐assisted laser
desorption/ionization ion formation using an electrostatic analyzer/time‐of‐flight mass spectrometer. J Mass Spectrom. 34,
684-690 (1999)
418. Dominic Chan, T.W., Thomas, I., Colburn, A.W., Derrick, P.J.: Initial velocities of positive and negative protein molecule-ions
produced in matrix-assisted ultraviolet laser desorption using a liquid matrix. Chem Phys Lett. 222, 579-585 (1994)
419. Ermer, D.R., Baltz‐Knorr, M., Haglund, R.F.: Intensity dependence of cation kinetic energies from 2,5‐dihydroxybenzoic acid
near the infrared matrix‐assisted laser desorption/ionization threshold. J Mass Spectrom. 36, 538-545 (2001)
420. Berkenkamp, S., Menzel, C., Hillenkamp, F., Dreisewerd, K.: Measurements of mean initial velocities of analyte and matrix ions in
infrared matrix-assisted laser desorption ionization mass spectrometry. J Am Soc Mass Spectr. 13, 209-220 (2002)
421. Knochenmuss, R.: A quantitative model of ultraviolet matrix-assisted laser desorption/ionization. J Mass Spectrom. 37, 867-877
(2002)
422. Vertes, A., Irinyi, G., Gijbels, R.: Hydrodynamic model of matrix-assisted laser desorption mass spectrometry. Anal Chem. 65, 23892393 (1993)
423. Spengler, B., Bokelmann, V.: Angular and Time-Resolved Intensity Distributions of Laser-Desorbed Matrix Ions. Nucl Instrum Meth
B. 82, 379-385 (1993)

211

424. Franzen, J.: Improved resolution for MALDI-TOF mass spectrometers: a mathematical study. International Journal of Mass
Spectrometry and Ion Processes. 164, 19-34 (1997)
425. Johnson, R.E., LeBeyec, Y.: Angular distribution of the ejecta in matrix-assisted laser desorption/ionization: model dependence. Int
J Mass Spectrom. 177, 111-118 (1998)
426. Zhigilei, L.V., Kodali, P.B.S., Garrison, B.J.: Molecular Dynamics Model for Laser Ablation and Desorption of Organic Solids. The
Journal of Physical Chemistry B. 101, 8624-8624 (1997)
427. Zhigilei, L.V., Garrison, B.J.: Velocity distributions of molecules ejected in laser ablation. Appl Phys Lett. 71, 551-553 (1997)
428. Kodali, P.B.S., Zhigilei, L.V., Garrison, B.J.: Phase transition at low fluences in laser desorption of organic solids: a molecular
dynamics study. Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms.
153, 167-171 (1999)
429. Zhigilei, L.V., Garrison, B.J.: Mechanisms of laser ablation from molecular dynamics simulations: dependence on the initial
temperature and pulse duration. Applied Physics A. 69, S75-S80 (1999)
430. Zhigilei, L.V., Yingling, Y.G., Itina, T.E., Schoolcraft, T.A., Garrison, B.J.: Molecular dynamics simulations of matrix-assisted laser
desorption—connections to experiment. Int J Mass Spectrom. 226, 85-106 (2003)
431. Wu, X., Sadeghi, M., Vertes, A.: Molecular Dynamics of Matrix-Assisted Laser Desorption of Leucine Enkephalin Guest Molecules
from Nicotinic Acid Host Crystal. The Journal of Physical Chemistry B. 102, 4770-4778 (1998)
432. Sibold, D., Urbassek, H.M.: Effect of gas‐phase collisions in pulsed‐laser desorption: A three‐dimensional Monte Carlo
simulation study. J Appl Phys. 73, 8544-8551 (1993)
433. Comsa, G., David, R.: Dynamical parameters of desorbing molecules. Surface Science Reports. 5, 145-198 (1985)
434. Kools, J.C.S., Baller, T.S., De Zwart, S.T., Dieleman, J.: Gas flow dynamics in laser ablation deposition. J Appl Phys. 71, 4547-4556
(1992)
435. Itina, T.E., Katassonov, A.A., Marine, W., Autric, M.: Numerical study of the role of a background gas and system geometry in pulsed
laser deposition. J Appl Phys. 83, 6050-6054 (1998)
436. Knochenmuss, R., Zenobi, R.: MALDI ionization: The role of in-plume processes. Chem Rev. 103, 441-452 (2003)
437. Zenobi, R., Knochenmuss, R.: Ion formation in MALDI mass spectrometry. Mass Spectrom Rev. 17, 337-366 (1998)
438. Mowry, C.D., Johnston, M.V.: Simultaneous Detection of Ions and Neutrals Produced by Matrix-Assisted Laser-Desorption. Rapid
Commun Mass Sp. 7, 569-575 (1993)
439. Cole, R.B., Knochenmuss, R., Bier, M.E., Wolff, J.J., Amster, I.J., Cotter, R.J.: Electrospray and MALDI mass spectrometry
fundamentals, instrumentation, practicalities, and biological applications. 149-184; 265-409 (2010)
440. May, V., Kühn, O.: Charge and energy transfer dynamics in molecular systems. 3rd ed., 1-66; 309-558 (2011)
441. Warren, J.J., Tronic, T.A., Mayer, J.M.: Thermochemistry of proton-coupled electron transfer reagents and its implications. Chem
Rev. 110, 6961-7001 (2010)
442. Chan T‐, W.D., Colburn, A.W., Derrick Peter, J.: Matrix‐assisted laser desorption/ionization using a liquid matrix: Formation of
high‐mass cluster ions from proteins. Org Mass Spectrom. 27, 53-56 (1992)
443. Chan T‐, W.D., Colburn, A.W., Derrick Peter, J.: Matrix‐assisted UV laser desorption. Suppression of the matrix peaks. Org Mass
Spectrom. 26, 342-344 (1991)
444. Chan, T.W.D., Colburn, A.W., Derrick, P.J., Gardiner, D.J., Bowden, M.: Suppression of Matrix Ions in Ultraviolet-Laser Desorption Scanning Electron-Microscopy and Raman-Spectroscopy of the Solid Samples. Org Mass Spectrom. 27, 188-194 (1992)
445. McCombie, G., Knochenmuss, R.: Small-Molecule MALDI Using the Matrix Suppression Effect To Reduce or Eliminate Matrix
Background Interferences. Anal Chem. 76, 4990-4997 (2004)
446. Vaidyanathan, S., Gaskell, S., Goodacre, R.: Matrix‐suppressed laser desorption/ionisation mass spectrometry and its suitability
for metabolome analyses. Rapid Commun Mass Sp. 20, 1192-1198 (2006)
447. Knochenmuss, R., Stortelder, A., Breuker, K., Zenobi, R.: Secondary ion – molecule reactions in matrix ‐ assisted laser
desorption/ionization. J Mass Spectrom. 35, 1237-1245 (2000)
448. Allwood, D.A., Dyer, P.E., Dreyfus, R.W.: Ionization modelling of matrix molecules in ultraviolet matrix-assisted laser
desorption/ionization. Rapid Commun Mass Sp. 11, 499-503 (1997)
449. Allwood, D.A., Dyer, P.E., Dreyfus, R.W., Perera, I.K.: Plasma modelling of matrix assisted UV laser desorption ionisation (MALDI).
Appl Surf Sci. 109, 616-620 (1997)
450. Karbach, V., Knochenmuss, R.: Do single matrix molecules generate primary ions in ultraviolet matrix ‐ assisted laser
desorption/ionization. Rapid Commun Mass Sp. 12, 968-974 (1998)
451. Ehring, H., Karas, M., Hillenkamp, F.: Role of Photoionization and Photochemistry in Ionization Processes of Organic-Molecules and
Relevance for Matrix-Assisted Laser Desorption Ionization Mass-Spectrometry. Org Mass Spectrom. 27, 472-480 (1992)
452. Kovalenko, L.J., Maechling, C.R., Clemett, S.J., Philippoz, J.M., Zare, R.N., Alexander, C.M.O.: Microscopic Organic-Analysis Using 2Step Laser Mass-Spectrometry - Application to Meteoritic Acid Residues. Anal Chem. 64, 682-690 (1992)
453. Woodin, R.L., Bomse, D.S., Beauchamp, J.L.: Multiphoton dissociation of molecules with low power continuous wave infrared laser
radiation. J Am Chem Soc. 100, 3248-3250 (1978)
454. Liang, S.-P., Lu, I.-C., Tsai, S.-T., Chen, J.-L., Lee, Y.T., Ni, C.-K.: Laser Pulse Width Dependence and Ionization Mechanism of MatrixAssisted Laser Desorption/Ionization. J Am Soc Mass Spectr. 28, 2235-2245 (2017)
455. Liu, B.H., Charkin, O.P., Klemenko, N., Chen, C.W., Wang, Y.S.: Initial Ionization Reaction in Matrix-Assisted Laser
Desorption/Ionization. J Phys Chem B. 114, 10853-10859 (2010)
456. Chang, W.C., Huang, L.C.L., Wang, Y.S., Peng, W.P., Chang, H.C., Hsu, N.Y., et al.: Matrix-assisted laser desorption/ionization
(MALDI) mechanism revisited. Anal Chim Acta. 582, 1-9 (2007)
457. Knochenmuss, R., Karbach, V., Wiesli, U., Breuker, K., Zenobi, R.: The matrix suppression effect in matrix-assisted laser
desorption/ionization: Application to negative ions and further characteristics. Rapid Commun Mass Sp. 12, 529-534 (1998)
458. Knochenmuss, R., Zhigilei, L.V.: Molecular dynamics model of ultraviolet matrix-assisted laser desorption/ionization including
ionization processes. J Phys Chem B. 109, 22947-22957 (2005)

212

459. Setz, P.D., Knochenmuss, R.: Exciton mobility and trapping in a MALDI matrix. J Phys Chem A. 109, 4030-4037 (2005)
460. Liang, W.Y.: Excitons. Physics Education. 5, 226 (1970)
461. Jaskolla, T.W., Karas, M.: Compelling evidence for Lucky Survivor and gas phase protonation: the unified MALDI analyte protonation
mechanism. J Am Soc Mass Spectrom. 22, 976-988 (2011)
462. Karas, M., Gluckmann, M., Schafer, J.: Ionization in matrix-assisted laser desorption/ionization: singly charged molecular ions are
the lucky survivors. J Mass Spectrom. 35, 1-12 (2000)
463. Krüger, R., Pfenninger, A., Fournier, I., Glückmann, M., Karas, M.: Analyte Incorporation and Ionization in Matrix-Assisted Laser
Desorption/Ionization Visualized by pH Indicator Molecular Probes. Anal Chem. 73, 5812-5821 (2001)
464. Karas, M., Kruger, R.: Ion formation in MALDI: the cluster ionization mechanism. Chem Rev. 103, 427-440 (2003)
465. Krutchinsky, A.N., Chait, B.T.: On the nature of the chemical noise in MALDI mass spectra. J Am Soc Mass Spectr. 13, 129-134 (2002)
466. Kosevich Marina, V., Shelkovsky Vadim, S., Boryak Oleg, A., Orlov Vadim, V.: ‘Bubble chamber model’ of fast atom bombardment
induced processes. Rapid Commun Mass Sp. 17, 1781-1792 (2003)
467. Vestal, M.L., Juhasz, P., Martin, S.A.: Delayed extraction matrix‐assisted laser desorption time‐of‐flight mass spectrometry.
Rapid Commun Mass Sp. 9, 1044-1050 (1995)
468. Ireland, J.F., Wyatt, P.A.H.: Acid-Base Properties of Electronically Excited States of Organic Molecules. 12, 131-221 (1976)
469. Karas, M., Bachmann, D., Bahr, U., Hillenkamp, F.: Matrix-Assisted Ultraviolet-Laser Desorption of Nonvolatile Compounds.
International Journal of Mass Spectrometry and Ion Processes. 78, 53-68 (1987)
470. Gimon, M.E., Preston, L.M., Solouki, T., White, M.A., Russell, D.H.: Are proton transfer reactions of excited states involved in UV
laser desorption ionization? Org Mass Spectrom. 27, 827-830 (1992)
471. Chiarelli, M.P., Sharkey, A.G., Hercules, D.M.: Excited-state proton transfer in laser mass spectrometry. Anal Chem. 65, 307-311
(1993)
472. Krause, J., Stoeckli, M., Schlunegger Urs, P.: Studies on the Selection of New Matrices for Ultraviolet Matrix‐assisted Laser
Desorption/Ionization Time‐of‐flight Mass Spectrometry. Rapid Commun Mass Sp. 10, 1927-1933 (1996)
473. Huang, Y., Russell, D.H.: Photochemistry and proton transfer reaction chemistry of selected cinnamic acid derivatives in hydrogen
bonded environments. International Journal of Mass Spectrometry and Ion Processes. 175, 187-204 (1998)
474. Lüdemann, H.-C., Hillenkamp, F., Redmond, R.W.: Photoinduced Hydrogen Atom Transfer in Salicylic Acid Derivatives Used as
Matrix-Assisted Laser Desorption/Ionization (MALDI) Matrices. The Journal of Physical Chemistry A. 104, 3884-3893 (2000)
475. Chen, X.J., Carroll, J.A., Beavis, R.C.: Near-ultraviolet-induced matrix-assisted laser desorption/ionization as a function of
wavelength. J Am Soc Mass Spectr. 9, 885-891 (1998)
476. Niu, S.F., Zhang, W.Z., Chait, B.T.: Direct comparison of infrared and ultraviolet wavelength matrix-assisted laser
desorption/ionization mass spectrometry of proteins. J Am Soc Mass Spectr. 9, 1-7 (1998)
477. Wiley, W.C., Mclaren, I.H.: Time-of-Flight Mass Spectrometer with Improved Resolution. Rev Sci Instrum. 26, 1150-1157 (1955)
478. Brown, R.S., Lennon, J.J.: Mass Resolution Improvement by Incorporation of Pulsed Ion Extraction in a Matrix-Assisted LaserDesorption Ionization Linear Time-of-Flight Mass-Spectrometer. Anal Chem. 67, 1998-2003 (1995)
479. Mamyrin, B.A.: Laser assisted reflectron time-of-flight mass spectrometry. International Journal of Mass Spectrometry and Ion
Processes. 131, 1-19 (1994)
480. Ladislas Wiza, J.: Microchannel plate detectors. Nuclear Instruments and Methods. 162, 587-601 (1979)
481. Mathieu, É.: Mémoire sur le mouvement vibratoire d'une membrane de forme elliptique. Journal de mathématiques pures et
appliquées ou recueil mensuel de mémoires sur les diverses parties des mathématiques. 13, 137-203 (1868)
482. Stephenson, J.L., McLuckey, S.A.: Adaptation of the Paul trap for study of the reaction of multiply charged cations with singly
charged anions. International Journal of Mass Spectrometry and Ion Processes. 162, 89-106 (1997)
483. Brodbelt Jennifer, S.: Analytical applications of ion‐molecule reactions. Mass Spectrom Rev. 16, 91-110 (1998)
484. Campbell, S., Rodgers, M.T., Marzluff, E.M., Beauchamp, J.L.: Deuterium Exchange Reactions as a Probe of Biomolecule Structure.
Fundamental Studies of Gas Phase H/D Exchange Reactions of Protonated Glycine Oligomers with D2O, CD3OD, CD3CO2D, and
ND3. J Am Chem Soc. 117, 12840-12854 (1995)
485. Kingdon, K.H.: A Method for the Neutralization of Electron Space Charge by Positive Ionization at Very Low Gas Pressures. Phys
Rev. 21, 408-418 (1923)
486. Knight, R.D.: Storage of ions from laser‐produced plasmas. Appl Phys Lett. 38, 221-223 (1981)
487. Makarov, A.: Electrostatic Axially Harmonic Orbital Trapping: A High-Performance Technique of Mass Analysis. Anal Chem. 72,
1156-1162 (2000)
488. Perry Richard, H., Cooks, R.G., Noll Robert, J.: Orbitrap mass spectrometry: Instrumentation, ion motion and applications. Mass
Spectrom Rev. 27, 661-699 (2008)
489. Scigelova, M., Makarov, A.: Orbitrap Mass Analyzer – Overview and Applications in Proteomics. Proteomics. 6, 16-21 (2006)
490. Wineland, D., Ekstrom, P., Dehmelt, H.: Monoelectron Oscillator. Phys Rev Lett. 31, 1279-1282 (1973)
491. Llewellyn, P.M.: Ion cyclotron resonance mass spectrometer. Proc. 13th Annual Conference on Mass Spectrometry and Allied
Topics, ASTM Committee E-14, St Louis, MA. 313-318 (1965)
492. March, R.E., Todd, J.F.J.: Practical aspects of ion trap mass spectrometry - Volume IV - Theory and instrumentation. 1st ed., 6-168;
401-522 (2010)
493. McIver, R.T.: A Trapped Ion Analyzer Cell for Ion Cyclotron Resonance Spectroscopy. Rev Sci Instrum. 41, 555-558 (1970)
494. Comisarow, M.B., Marshall, A.G.: Fourier transform ion cyclotron resonance spectroscopy. Chem Phys Lett. 25, 282-283 (1974)
495. Fourier, J.-B.-J.: Théorie analytique de la chaleur, par M. Fourier. 1st ed., 1-639 (1822)
496. Anderson, J.S., Vartanian, V.H., Laude, D.A.: Evolution of trapped ion cells in Fourier transform ion cyclotron resonance mass
spectrometry. TrAC Trends in Analytical Chemistry. 13, 234-239 (1994)
497. Beu, S.C., Laude, D.A.: Elimination of Axial Ejection during Excitation with a Capacitively Coupled Open Trapped-Ion Cell for FourierTransform Ion-Cyclotron Resonance Mass-Spectrometry. Anal Chem. 64, 177-180 (1992)

213

498. Beu, S.C., Laude, D.A.: Open Trapped Ion Cell Geometries for Fourier-Transform Ion-Cyclotron Resonance Mass-Spectrometry.
International Journal of Mass Spectrometry and Ion Processes. 112, 215-230 (1992)
499. Gabrielse, G., Haarsma, L., Rolston, S.L.: Open-Endcap Penning Traps for High-Precision Experiments. International Journal of Mass
Spectrometry and Ion Processes. 88, 319-332 (1989)
500. Caravatti, P., Allemann, M.: The ‘infinity cell’: A new trapped‐ion cell with radiofrequency covered trapping electrodes for
fourier transform ion cyclotron resonance mass spectrometry. Org Mass Spectrom. 26, 514-518 (2005)
501. Nagornov, K.O., Kozhinov, A.N., Tsybin, Y.O.: Fourier Transform Ion Cyclotron Resonance Mass Spectrometry at the Cyclotron
Frequency. J Am Soc Mass Spectr. 28, 768-780 (2017)
502. Marshall, A.G., Hendrickson, C.L., Jackson, G.S.: Fourier transform ion cyclotron resonance mass spectrometry: A primer. Mass
Spectrom Rev. 17, 1-35 (1998)
503. Allemann, M., Kellerhals, H.P., Wanczek, K.P.: Sidebands in the ICR spectrum and their application for exact mass determination.
Chem Phys Lett. 84, 547-551 (1981)
504. Delong, S.E., Mitchell, D.W., Cherniak, D.J., Harrison, T.M.: z-axis oscillation sidebands in FT/ICR mass spectra. International Journal
of Mass Spectrometry and Ion Processes. 91, 273-282 (1989)
505. Dreisewerd, K., Berkenkamp, S., Leisner, A., Rohlfing, A., Menzel, C.: Fundamentals of matrix-assisted laser desorption/ionization
mass spectrometry with pulsed infrared lasers. Int J Mass Spectrom. 226, 189-209 (2003)
506. Frankevich, V., Zhang, J., Dashtiev, M., Zenobi, R.: Production and fragmentation of multiply charged ions in 'electron-free' matrixassisted laser desorption/ionization. Rapid Commun Mass Sp. 17, 2343-2348 (2003)
507. Demirev, P., Westman, A., Reimann, C.T., Håkansson, P., Barofsky, D., Sundqvist, B.U.R., et al.: Matrix‐assisted laser desorption
with ultra‐short laser pulses. Rapid Commun Mass Sp. 6, 187-191 (2005)
508. Dreisewerd, K., Schurenberg, M., Karas, M., Hillenkamp, F.: Matrix-assisted laser desorption/ionization with nitrogen lasers of
different pulse widths. International Journal of Mass Spectrometry and Ion Processes. 154, 171-178 (1996)
509. Mowry, C.D., Johnston, M.V.: Internal Energy of Neutral Molecules Ejected by Matrix-Assisted Laser-Desorption. J Phys Chem-Us.
98, 1904-1909 (1994)
510. Dreisewerd, K., Schürenberg, M., Karas, M., Hillenkamp, F.: Influence of the laser intensity and spot size on the desorption of
molecules and ions in matrix-assisted laser desorption/ionization with a uniform beam profile. International Journal of Mass
Spectrometry and Ion Processes. 141, 127-148 (1995)
511. Gabelica, V., Schulz, E., Karas, M.: Internal energy build-up in matrix-assisted laser desorption/ionization. J Mass Spectrom. 39,
579-593 (2004)
512. Luo, G.H., Marginean, I., Vertes, A.: Internal energy of ions generated by matrix-assisted laser desorption/ionization. Anal Chem.
74, 6185-6190 (2002)
513. Campbell, J.M., Vestal, M.L., Blank, P.S., Stein, S.E., Epstein, J.A., Yergey, A.L.: Fragmentation of leucine enkephalin as a function of
laser fluence in a MALDI TOF-TOF. J Am Soc Mass Spectr. 18, 607-616 (2007)
514. Douglas, D.J.: Applications of Collision Dynamics in Quadrupole Mass Spectrometry. J Am Soc Mass Spectr. 9, 101-113 (1998)
515. Douglas, D.J., French, J.B.: Collisional focusing effects in radio frequency quadrupoles. J Am Soc Mass Spectr. 3, 398-408 (1992)
516. Tolmachev Aleksey, V., Udseth Harold, R., Smith Richard, D.: Radial stratification of ions as a function of mass to charge ratio in
collisional cooling radio frequency multipoles used as ion guides or ion traps. Rapid Commun Mass Sp. 14, 1907-1913 (2000)
517. Schweikhard, L., Guan, S., Marshall, A.G.: Quadrupolar excitation and collisional cooling for axialization and high pressure trapping
of ions in Fourier transform ion cyclotron resonance mass spectrometry. International Journal of Mass Spectrometry and Ion
Processes. 120, 71-83 (1992)
518. Savard, G., Becker, S., Bollen, G., Kluge, H.J., Moore, R.B., Otto, T., et al.: A new cooling technique for heavy ions in a Penning trap.
Phys Lett A. 158, 247-252 (1991)
519. Guan, S., Marshall, A.G.: Multiply pulsed collision gas for ion axialization in Fourier-transform ion cyclotron resonance mass
spectrometry. Rapid communications in mass spectrometry : RCM. 7, 857-860 (1993)
520. Marto, J.A., Guan, S., Marshall, A.G.: Wide-mass-range axialization for high-resolution Fourier-transform ion cyclotron resonance
mass spectrometry of externally generated ions. Rapid communications in mass spectrometry : RCM. 8, 615-620 (1994)
521. Lars, U., Jochen, M., Torres-Garcia, H.G., Heinrich, L.: Letter: The Use of 2-[(2E)-3-(4-Tert-Butylphenyl)-2-Methylprop-2Enylidene]Malononitrile as a Matrix for Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry. Eur J Mass Spectrom. 6,
49-52 (2000)
522. Gabriel, S.J., Steinhoff, R.F., Pabst, M., Schwarzinger, C., Zenobi, R., Panne, U., et al.: Improved analysis of ultra-high molecular
mass polystyrenes in matrix-assisted laser desorption/ionization time-of-flight mass spectrometry using DCTB matrix and caesium
salts. Rapid Commun Mass Sp. 29, 1039-1046 (2015)
523. Wyatt, M.F., Stein, B.K., Brenton, A.G.: Characterization of various analytes using matrix-assisted laser desorption/ionization timeof-flight mass spectrometry and 2-[(2E)-3-(4-tert-butylphenyl).2-methylprop-2-enylidene]malononitrile matrix. Anal Chem. 78,
199-206 (2006)
524. Lou, X.W., van Dongen, J.L.J., Meijer, E.W.: Generation of CsI Cluster Ions for Mass Calibration in Matrix-Assisted Laser
Desorption/Ionization Mass Spectrometry. J Am Soc Mass Spectr. 21, 1223-1226 (2010)
525. Maier, J.P.: Photoelectron-Spectroscopy of Periamino Naphthalenes. Helv Chim Acta. 57, 994-1003 (1974)
526. Molin, L., Seraglia, R., Dani, F.R., Moneti, G., Traldi, P.: The double nature of 1,5-diaminonaphthalene as matrix-assisted laser
desorption/ionization matrix: some experimental evidence of the protonation and reduction mechanisms. Rapid Commun Mass
Sp. 25, 3091-3096 (2011)
527. Chen, Y.T., Wang, F.S., Li, Z., Li, L., Ling, Y.C.: Development of a matrix-assisted laser desorption ionization mass spectrometric
method for rapid process-monitoring of phthalocyanine compounds. Anal Chim Acta. 736, 69-77 (2012)
528. Wetzel, S.J., Guttman, C.M., Girard, J.E.: The influence of matrix and laser energy on the molecular mass distribution of synthetic
polymers obtained by MALDI-TOF-MS. Int J Mass Spectrom. 238, 215-225 (2004)

214

529. Yalcin, T., Schriemer, D.C., Li, L.: Matrix-assisted laser desorption ionization time-of-flight mass spectrometry for the analysis of
polydienes. J Am Soc Mass Spectr. 8, 1220-1229 (1997)
530. Schriemer, D.C., Li, L.: Detection of high molecular weight narrow polydisperse polymers up to 1.5 million Daltons by MALDI mass
spectrometry. Anal Chem. 68, 2721-2725 (1996)
531. Fagerer, S.R., Nielsen, S., Ibáñez, A., Zenobi, R.: Matrix-Assisted Laser Desorption/Ionization Matrices for Negative Mode
Metabolomics. Eur J Mass Spectrom. 19, 39-47 (2013)
532. Cerruti, C.D., Benabdellah, F., Laprévote, O., Touboul, D., Brunelle, A.: MALDI Imaging and Structural Analysis of Rat Brain Lipid
Negative Ions with 9-Aminoacridine Matrix. Anal Chem. 84, 2164-2171 (2012)
533. Vermillion-Salsbury, R.L., Hercules, D.M.: 9-aminoacridine as a matrix for negative mode matrix-assisted laser
desorption/ionization. Rapid Commun Mass Sp. 16, 1575-1581 (2002)
534. Robins, C., Limbach, P.A.: The use of nonpolar matrices for matrix-assisted laser desorption/ionization mass spectrometric analysis
of high boiling crude oil fractions. Rapid Commun Mass Sp. 17, 2839-2845 (2003)
535. Streletskiy, A.V., Goldt, I.V., Kuvychko, I.V., Ioffe, I.N., Sidorov, L.N., Drewello, T., et al.: Application of 9-nitroanthracene as a matrix
for laser desorption/ionization analysis of fluorinated fullerenes. Rapid Commun Mass Sp. 18, 360-362 (2004)
536. Brown, T., Clipston, N.L., Simjee, N., Luftmann, H., Hungerbuhler, H., Drewello, T.: Matrix-assisted laser desorption/ionization of
amphiphilic fullerene derivatives. Int J Mass Spectrom. 210, 249-263 (2001)
537. Juhasz, P., Costello Catherine, E.: Generation of large radical ions from oligometallocenes by matrix‐assisted laser desorption
ionization. Rapid Commun Mass Sp. 7, 343-351 (1993)
538. Cardon, D.: Natural dyes sources, tradition, technology and science. 1st ed., 86-106 (2007)
539. Pawin, G., Wong, K.L., Kwon, K.-Y., Bartels, L.: A Homomolecular Porous Network at a Cu(111) Surface. Science. 313, 961 (2006)
540. Santacesaria, E., Di Serio, M., Russo, A., Leone, U., Velotti, R.: Kinetic and catalytic aspects in the hydrogen peroxide production via
anthraquinone. Chem Eng Sci. 54, 2799-2806 (1999)
541. Nie, Z., He, Q., Chen, S., Xiong, C., Fang, X., Wan, L.: Application of anthraquinone or anthraquinone derivatives as matrix in matrix
assisted ultraviolet-visible light laser desorption / ionization mass spectrometry. Patent CN103604861, 1-7 (2014)
542. Mamada, M., Kumaki, D., Nishida, J.-i., Tokito, S., Yamashita, Y.: Novel Semiconducting Quinone for Air-Stable n-Type Organic FieldEffect Transistors. ACS applied materials & interfaces. 2, 1303-1307 (2010)
543. Chen, G.: Nanoscale energy transport and conversion a parallel treatment of electrons, molecules, phonons, and photons.
Pappalardo series in mechanical engineering. 1st ed., 30-32; 107-108; 141-142; 144-145; 213-214; 253; 322-326; 349-358 (2005)
544. Tamm, I.: Über die Quantentheorie der molekularen Lichtzerstreuung in festen Körpern. Z Phys. 60, 345-363 (1930)
545. Kittel, C., McEuen, P.: Introduction to solid state physics. 8th ed., 121-122; 133-185; 494-497 (2005)
546. Tipler, P.A., Llewellyn, R.A., Czycholl, G.: Moderne Physik. 2nd ed., 553-568 (2010)
547. Ashcroft, N.W., Mermin, N.D.: Solid state physics. 1st ed., 1-55; 354-369 (1976)
548. Franz, R., Wiedemann, G.: Ueber die Wärme‐Leitungsfähigkeit der Metalle. Ann Phys-Berlin. 165, 497-531 (1853)
549. Rivière, J.C.: Work function measurements and results. United Kingdom Atomic Energy Authority, Research Group, Metallurgy
Division, Atomic Energy Research Establishment, Harwell, Berkshire. 1-18 (1967)
550. Kelvin, L.: V. Contact electricity of metals. The London, Edinburgh, and Dublin Philosophical Magazine and Journal of Science. 46,
82-120 (1898)
551. Hölzl, J., Schulte, F.K., Wagner, H.: Solid surface physics. Springer tracts in modern physics. 85, 42-45 (1979)
552. Kiejna, A., Wojciechowski, K.F.: Work Function of Metals - Relation between Theory and Experiment. Prog Surf Sci. 11, 293-338
(1981)
553. Sommerfeld, A., Bethe, H.: Elektronentheorie der Metalle - offset reprint of Geiger/Scheel, Handbuch der Physik, Band 24/2.
Heidelberger Taschenbücher. 19, 1-290 (1967)
554. Herring, C., Nichols, M.H.: Thermionic Emission. Rev Mod Phys. 21, 185-270 (1949)
555. Sze, S.M., Ng, K.K.: Physics of semiconductor devices. 3rd ed., 146-148 (2007)
556. Frankevich, V.E., Zhang, J., Friess, S.D., Dashtiev, M., Zenobi, R.: Role of electrons in laser desorption/ionization mass spectrometry.
Anal Chem. 75, 6063-6067 (2003)
557. Chiang, C.-K., Chen, W.-T., Chang, H.-T.: Nanoparticle-based mass spectrometry for the analysis of biomolecules. Chemical Society
Reviews. 40, 1269-1281 (2011)
558. Schwede, J.W., Bargatin, I., Riley, D.C., Hardin, B.E., Rosenthal, S.J., Sun, Y., et al.: Photon-enhanced thermionic emission for solar
concentrator systems. Nature materials. 9, 762 (2010)
559. Sadeghi, M., Vertes, A.: Crystallite size dependence of volatilization in matrix-assisted laser desorption ionization. Appl Surf Sci.
127-129, 226-234 (1998)
560. Luxembourg, S.L., McDonnell, L.A., Duursma, M.C., Guo, X., Heeren, R.M.A.: Effect of Local Matrix Crystal Variations in MatrixAssisted Ionization Techniques for Mass Spectrometry. Anal Chem. 75, 2333-2341 (2003)
561. Spengler, B., Bahr, U., Karas, M., Hillenkamp, F.: Postionization of Laser-Desorbed Organic and Inorganic Compounds in a Time of
Flight Mass Spectrometer. Instrumentation Science & Technology. 17, 173-193 (1988)
562. Westman, A., Huth ‐ Fehre, T., Demirev, P., Bielawski, J., Medina, N., Sundqvist Bo, U.R., et al.: Matrix ‐ assisted laser
desorption/ionization: Dependence of the ion yield on the laser beam incidence angle. Rapid Commun Mass Sp. 8, 388-393 (1994)
563. Rainer, M., Qureshi, M.N., Bonn, G.K.: Matrix-free and material-enhanced laser desorption/ionization mass spectrometry for the
analysis of low molecular weight compounds. Analytical and bioanalytical chemistry. 400, 2281-2288 (2011)
564. Sunner, J., Dratz, E., Chen, Y.-C.: Graphite surface-assisted laser desorption/ionization time-of-flight mass spectrometry of peptides
and proteins from liquid solutions. Anal Chem. 67, 4335-4342 (1995)
565. Han, M., Sunner, J.: An activated carbon substrate surface for laser desorption mass spectrometry. J Am Soc Mass Spectr. 11, 644649 (2000)
566. Dattelbaum, A.M., Iyer, S.: Surface-assisted laser desorption/ionization mass spectrometry. Expert Rev Proteomic. 3, 153-161
(2006)

215

567. Lo, C.-Y., Lin, J.-Y., Chen, W.-Y., Chen, C.-T., Chen, Y.-C.: Surface-assisted laser desorption/ionization mass spectrometry on titania
nanotube arrays. J Am Soc Mass Spectr. 19, 1014-1020 (2008)
568. Law, K.P., Larkin, J.R.: Recent advances in SALDI-MS techniques and their chemical and bioanalytical applications. Analytical and
bioanalytical chemistry. 399, 2597-2622 (2011)
569. Lewis, W.G., Shen, Z., Finn, M.G., Siuzdak, G.: Desorption/ionization on silicon (DIOS) mass spectrometry: background and
applications. Int J Mass Spectrom. 226, 107-116 (2003)
570. Chen, W.-T., Chiang, C.-K., Lee, C.-H., Chang, H.-T.: Using Surface-Assisted Laser Desorption/Ionization Mass Spectrometry to Detect
Proteins and Protein–Protein Complexes. Anal Chem. 84, 1924-1930 (2012)
571. Tang, N., Tornatore, P., Weinberger Scot, R.: Current developments in SELDI affinity technology. Mass Spectrom Rev. 23, 34-44
(2003)
572. Martienssen, W., Warlimont, H.: Springer handbook of condensed matter and materials data. 1st ed., 45-158; 206-216; 221-271;
296-302; 997 (2005)
573. Lias, S.G., Liebman, J.F., Levin, R.D.: Evaluated Gas Phase Basicities and Proton Affinities of Molecules; Heats of Formation of
Protonated Molecules. J Phys Chem Ref Data. 13, 695-808 (1984)
574. Harrison Alex, G.: The gas‐phase basicities and proton affinities of amino acids and peptides. Mass Spectrom Rev. 16, 201-217
(1998)
575. Brönsted, J.N.: Einige Bemerkungen über den Begriff der Säuren und Basen. Recueil des Travaux Chimiques des Pays-Bas. 42, 718728 (1923)
576. Guenther, S., Koestler, M., Schulz, O., Spengler, B.: Laser spot size and laser power dependence of ion formation in high resolution
MALDI imaging. Int J Mass Spectrom. 294, 7-15 (2010)
577. Lai, Y.H., Chen, B.G., Lee, Y.T., Wang, Y.S., Lin, S.H.: Contribution of thermal energy to initial ion production in matrix-assisted laser
desorption/ionization observed with 2,4,6-trihydroxyacetophenone. Rapid Commun Mass Sp. 28, 1716-1722 (2014)
578. Smalley, R.E.: Self-Assembly of the Fullerenes. Accounts Chem Res. 25, 98-105 (1992)
579. Takahata, Y., Hara, T., Narita, S., Shibuya, T.: Ionization energies, electron affinities, and absorption spectrum of fullerene C-60
calculated with the semiempirical HAM/3 and CNDO/S methods. Theochem-J Mol Struc. 431, 219-227 (1998)
580. De Vries, J., Steger, H., Kamke, B., Menzel, C., Weisser, B., Kamke, W., et al.: Single-Photon Ionization of C-60-Fullerene and C-70Fullerene with Synchrotron Radiation - Determination of the Ionization-Potential of C-60. Chem Phys Lett. 188, 159-162 (1992)
581. Gao, C.Z., Wopperer, P., Dinh, P.M., Suraud, E., Reinhard, P.G.: On the dynamics of photo-electrons in C-60. J Phys B-at Mol Opt.
48, (2015)
582. Zimmerman, J.A., Eyler, J.R., Bach, S.B.H., Mcelvany, S.W.: Magic Number Carbon Clusters - Ionization-Potentials and Selective
Reactivity. Journal of Chemical Physics. 94, 3556-3562 (1991)
583. Bach, S.B.H., Bruce, J.E., Ramanathan, R., Watson, C.H., Zimmerman, J.A., Eyler, J.R.: Ionization Potentials and Electron Affinities of
Semiconductor Clusters from Charge Transfer Reactions. Random materials and processes - On clusters and clustering: from atoms
to fractals. 59-68 (1993)
584. Wang, L.S., Conceicao, J., Jin, C.M., Smalley, R.E.: Threshold Photodetachment of Cold C60-. Chem Phys Lett. 182, 5-11 (1991)
585. Yang, S.H., Pettiette, C.L., Conceicao, J., Cheshnovsky, O., Smalley, R.E.: Ups of Buckminsterfullerene and Other Large Clusters of
Carbon. Chem Phys Lett. 139, 233-238 (1987)
586. Lykke, K.R., Wurz, P.: Direct Detection of Neutral Products from Photodissociated-C60. J Phys Chem-Us. 96, 3191-3193 (1992)
587. Jaffke, T., Illenberger, E., Lezius, M., Matejcik, S., Smith, D., Mark, T.D.: Formation of C60(-) and C70(-) by Free-Electron Capture Activation-Energy and Effect of the Internal Energy on Lifetime. Chem Phys Lett. 226, 213-218 (1994)
588. Taylor, R., Parsons, J.P., Avent, A.G., Rannard, S.P., Dennis, T.J., Hare, J.P., et al.: Degradation of C60 by Light. Nature. 351, 277-277
(1991)
589. Hare, J.P., Kroto, H.W., Taylor, R.: Preparation and Uv Visible Spectra of Fullerenes C60 and C70. Chem Phys Lett. 177, 394-398
(1991)
590. Barrow, M.P., Drewello, T.: Significant interferences in the post source decay spectra of ion-gated fullerene and coalesced carbon
cluster ions. Int J Mass Spectrom. 203, 111-125 (2000)
591. Atamny, F., Baiker, A., Muhr, H.J., Nesper, R.: AFM and XRD Investigation of Crystalline Vapor-Deposited C-60 Films. Fresen J Anal
Chem. 353, 433-438 (1995)
592. Senthilkumar, V., Vickraman, P., Jayachandran, M., Sanjeeviraja, C.: Structural and optical properties of indium tin oxide (ITO) thin
films with different compositions prepared by electron beam evaporation. Vacuum. 84, 864-869 (2010)
593. Gobeli, G.W., Allen, F.G.: Chapter 11 Photoelectric Threshold and Work Function. Semiconductors and Semimetals. 2, 263-280
(1966)
594. Yeretzian, C., Hansen, K., Diederich, F., Whetten, R.L.: Coalescence Reactions of Fullerenes. Nature. 359, 44-47 (1992)
595. Prabhudesai, V.S., Nandi, D., Krishnakumar, E.: Low energy electron attachment to C-60. Eur Phys J D. 35, 261-266 (2005)
596. Elhamidi, O., Pommier, J., Abouaf, R.: Low-energy electron attachment to fullerenes C-60 and C-70 in the gas phase. J Phys B-at
Mol Opt. 30, 4633-4642 (1997)
597. Ptasinska, S., Echt, O., Denifl, S., Stano, M., Sulzer, P., Zappa, F., et al.: Electron attachment to higher fullerenes and to Sc3N@C80.
J Phys Chem A. 110, 8451-8456 (2006)
598. Wurz, P., Lykke, K.R.: Kinetics of Multiphoton Excitation and Fragmentation of C-60. Chem Phys. 184, 335-346 (1994)
599. Berkowitz, J.: Sum rules and the photoabsorption cross sections of C-60. Journal of Chemical Physics. 111, 1446-1453 (1999)
600. Reinkoster, A., Korica, S., Prumper, G., Viefhaus, J., Godehusen, K., Schwarzkopf, O., et al.: The photoionization and fragmentation
of C-60 in the energy range 26-130 eV. J Phys B-at Mol Opt. 37, 2135-2144 (2004)
601. Yoo, R.K., Ruscic, B., Berkowitz, J.: Vacuum Ultraviolet Photoionization Mass-Spectrometric Study of C-60. Journal of Chemical
Physics. 96, 911-918 (1992)
602. Vostrikov, A.A., Dubnov, D.Y., Agarkov, A.A.: Inelastic interaction of an electron with a C-60 cluster. High Temp+. 39, 22-30 (2001)

216

603. Kasperovich, V., Tikhonov, G., Kresin, V.V.: Low-energy electron capture by free C-60 and the importance of polarization
interaction. Chem Phys Lett. 337, 55-60 (2001)
604. Huang, J., Carman, H.S., Compton, R.N.: Low-Energy-Electron Attachment to C-60. J Phys Chem-Us. 99, 1719-1726 (1995)
605. Vasilev, Y.V., Tuktarov, R.F., Mazunov, V.A.: Resonant electron capture mass spectra of fullerenes C-60 and C-70. Rapid Commun
Mass Sp. 11, 757-761 (1997)
606. Klaiman, S., Gromov, E.V., Cederbaum, L.S.: All for one and one for all: accommodating an extra electron in C-60. Phys Chem Chem
Phys. 16, 13287-13293 (2014)
607. Vasil'ev, Y.V., Abzalimov, R.R., Nasibullaev, S.K., Drewello, T.: C-60(-) mean lifetime as a function of electron energy and molecular
temperature. Fuller Nanotub Car N. 12, 229-234 (2004)
608. Liu, Z.Y., Wang, C.R., Huang, R.B., Zheng, L.S.: Mass-Distribution of C-60 and C-70 Coalescence Products Produced by Direct Laser
Vaporization. International Journal of Mass Spectrometry and Ion Processes. 145, 1-7 (1995)
609. Momma, C., Chichkov, B.N., Nolte, S., vonAlvensleben, F., Tunnermann, A., Welling, H., et al.: Short-pulse laser ablation of solid
targets. Opt Commun. 129, 134-142 (1996)
610. Kobayashi, T., Matsuo, Y.: Study on the carbon fragment anions produced by femtosecond laser ablation of solid C-60. Journal of
Chemical Physics. 134, (2011)
611. Tsai, S.T., Chen, C.W., Huang, L.C.L., Huang, M.C., Chen, C.H., Wang, Y.S.: Simultaneous mass analysis of positive and negative ions
using a dual-polarity time-of-flight mass spectrometer. Anal Chem. 78, 7729-7734 (2006)
612. Rader, H.J., Schrepp, W.: MALDI-TOF mass spectrometry in the analysis of synthetic polymers. Acta Polym. 49, 272-293 (1998)
613. Bahr, U., Deppe, A., Karas, M., Hillenkamp, F., Giessmann, U.: Mass-Spectrometry of Synthetic-Polymers by Uv Matrix-Assisted
Laser Desorption Ionization. Anal Chem. 64, 2866-2869 (1992)
614. Saito, T., Lusenkova, M.A., Matsuyama, S., Shimada, K., Itakura, M., Kishine, K., et al.: Reliability of molecular weight determination
methods for oligomers investigated using certified polystyrene reference materials. Polymer. 45, 8355-8365 (2004)
615. Nielen, M.W.F., Malucha, S.: Characterization of polydisperse synthetic polymers by size-exclusion chromatography matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry. Rapid Commun Mass Sp. 11, 1194-1204 (1997)
616. Montaudo, G., Montaudo, M.S., Puglisi, C., Samperi, F.: Characterization of Polymers by Matrix-Assisted Laser-Desorption
Ionization-Time of Flight Mass-Spectrometry - End Group Determination and Molecular-Weight Estimates in Poly(Ethylene
Glycols). Macromolecules. 28, 4562-4569 (1995)
617. Llenes, C.F., Omalley, R.M.: Cation Attachment in the Analysis of Polystyrene and Polyethylene-Glycol by Laser-Desorption Timeof-Flight Mass-Spectrometry. Rapid Commun Mass Sp. 6, 564-570 (1992)
618. Ladaviere, C., Lacroix-Desmazes, P., Delolme, F.: First Systematic MALDI/ESI Mass Spectrometry Comparison to Characterize
Polystyrene Synthesized by Different Controlled Radical Polymerizations. Macromolecules. 42, 70-84 (2009)
619. McEwen, C.N., Jackson, C., Larsen, B.S.: Instrumental effects in the analysis of polymers of wide polydispersity by MALDI mass
spectrometry. International Journal of Mass Spectrometry and Ion Processes. 160, 387-394 (1997)
620. Kobayashi, T.: Simple General Tendency in Photoelectron Angular-Distributions of Some Monosubstituted Benzenes. Phys Lett A.
69, 105-108 (1978)
621. Fu, E.W., Dunbar, R.C.: Photo-Dissociation Spectroscopy and Structural Rearrangements in Ions of Cyclooctatetraene, Styrene, and
Related Molecules. J Am Chem Soc. 100, 2283-2288 (1978)
622. Keki, S., Deak, G., Zsuga, M.: Copper(I) chloride: a simple salt for enhancement of polystyrene cationization in matrix-assisted laser
desorption/ionization mass spectrometry. Rapid Commun Mass Sp. 15, 675-678 (2001)
623. Crabtree, R.H.: The organometallic chemistry of the transition metals. 1st ed., 148-149 (2009)
624. Kurikawa, T., Takeda, H., Hirano, M., Judai, K., Arita, T., Nagao, S., et al.: Electronic properties of organometallic metal-benzene
complexes [M-n(benzene)(m) (M = Sc-Cu)]. Organometallics. 18, 1430-1438 (1999)
625. Ulmer, L., Mattay, J., Torres-Garcia, H.G., Luftmann, H.: Letter: The use of 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2enylidene]malononitrile as a matrix for matrix-assisted laser desorption/ionization mass spectrometry. Eur J Mass Spectrom. 6, 4952 (2000)
626. Vasil'ev, Y.V., Khvostenko, O.G., Streletskii, A.V., Boltalina, O.V., Kotsiris, S.G., Drewello, T.: Electron transfer reactivity in matrixassisted laser desorption/ionization (MALDI): Ionization energy, electron affinity and performance of the DCTB matrix within the
thermochemical framework. J Phys Chem A. 110, 5967-5972 (2006)
627. Jackson, A.T., Yates, H.T., MacDonald, W.A., Scrivens, J.H., Critchley, G., Brown, J., et al.: Time-lag focusing and cation attachment
in the analysis of synthetic polymers by matrix-assisted laser desorption ionization-time-of-flight mass spectrometry. J Am Soc
Mass Spectr. 8, 132-139 (1997)
628. Dunbar, R.C., Steill, J.D., Oomens, J.: Encapsulation of Metal Cations by the PhePhe Ligand: A Cation-pi Ion Cage. J Am Chem Soc.
133, 9376-9386 (2011)
629. Rashidezadeh, H., Guo, B.C.: Investigation of metal attachment to polystyrenes in matrix-assisted laser desorption ionization. J Am
Soc Mass Spectr. 9, 724-730 (1998)
630. Thomson, B., Suddaby, K., Rudin, A., Lajoie, G.: Characterisation of low molecular weight polymers using matrix assisted laser
desorption time-of-flight mass spectrometry. Eur Polym J. 32, 239-256 (1996)
631. Deery, M.J., Jennings, K.R., Jasieczek, C.B., Haddleton, D.M., Jackson, A.T., Yates, H.T., et al.: A study of cation attachment to
polystyrene by means of matrix-assisted laser desorption/ionization and electrospray ionization-mass spectrometry. Rapid
Commun Mass Sp. 11, 57-62 (1997)
632. Rashidezadeh, H., Hung, K., Guo, B.C.: Probing polystyrene cationization in matrix-assisted laser/desorption ionization. Eur Mass
Spectrom. 4, 429-433 (1998)
633. Mowat, I.A., Donovan, R.J.: Metal-Ion Attachment to Nonpolar Polymers during Laser-Desorption Ionization at 337-Nm. Rapid
Commun Mass Sp. 9, 82-90 (1995)
634. Seyferth, D.: Bis(benzene)chromium. 2. Its discovery by E. O. Fischer and W. Hafner and subsequent work by the research groups
of E. O. Fischer, H. H. Zeiss, F. Hein, C. Elschenbroich, and others. Organometallics. 21, 2800-2820 (2002)

217

635. Fan, Q., Wang, C., Han, Y., Zhu, J., Kuttner, J., Hilt, G., et al.: Surface-assisted formation, assembly, and dynamics of planar
organometallic macrocycles and zigzag shaped polymer chains with C-Cu-C bonds. ACS nano. 8, 709-718 (2014)
636. Hoberg, A.M., Haddleton, D.M., Derrick, P.J., Jackson, A.T., Scrivens, J.H.: The effect of counter ions in matrix-assisted laser
desorption/ionization of poly(methyl methacrylate). Eur Mass Spectrom. 4, 435-440 (1998)
637. Qiao, L., Roussel, C., Wan, J.J., Kong, J., Yang, P.Y., Girault, H.H., et al.: MALDI in-source photooxidation reactions for online peptide
tagging. Angew Chem Int Edit. 47, 2646-2648 (2008)
638. Zhang, J., Frankevich, V., Knochenmuss, R., Friess, S.D., Zenobi, R.: Reduction of Cu(II) in matrix-assisted laser desorption/ionization
mass spectrometry. J Am Soc Mass Spectr. 14, 42-50 (2003)
639. Lehmann, E., Knochenmuss, R., Zenobi, R.: Ionization mechanisms in matrix-assisted laser desorption ionization mass
spectrometry: Contribution of pre-formed ions. Rapid Commun Mass Sp. 11, 1483-1492 (1997)
640. Li, L., Winefordner, J.D., Zenobi, R., Whittal, R.M., Hanton, S.D., Owens, K.G.: Maldi mass spectrometry for synthetic polymer
analysis. Chemical Analysis - A Series of Monographs on Analytical Chemistry and its Applications. 175, 1-52; 267-288 (2010)
641. Duncalf, D.J., Wade, H.J., Waterson, C., Derrick, P.J., Haddleton, D.M., McCamley, A.: Synthesis and mechanism of formation of
syndiotactic polystyrene using a (tert-butylcyclopentadienyl)titanium complex. Macromolecules. 29, 6399-6403 (1996)
642. Ishihara, N., Seimiya, T., Kuramoto, M., Uoi, M.: Crystalline Syndiotactic Polystyrene. Macromolecules. 19, 2464-2465 (1986)
643. Görtz, H.H.: Polystyrene: Syndiotactic. Encyclopedia of Materials: Science and Technology. 2nd ed., 7742-7744 (2001)
644. Gidden, J., Bowers, M.T., Jackson, A.T., Scrivens, J.H.: Gas-phase conformations of cationized poly(styrene) oligomers. J Am Soc
Mass Spectr. 13, 499-505 (2002)
645. Cavet, J.S., Borrelly, G.P.M., Robinson, N.J.: Zn, Cu and Co in cyanobacteria: selective control of metal availability. Fems Microbiol
Rev. 27, 165-181 (2003)
646. Kuster, W.: Information on bilirubine and haemine. H-S Z Physiol Chem. 82, 463-483 (1912)
647. Falk, J.E., Smith, K.M.: Porphyrins and metalloporphyrins a new edition based on the original volume by J.E.Falk. 1st ed., 1-910
(1975)
648. Nakato, Y., Chiyoda, T., Tsubomura, H.: Experimental Determination of Ionization-Potentials of Organic Amines, Beta-Carotene and
Chlorophyll-A. B Chem Soc Jpn. 47, 3001-3005 (1974)
649. Tonucci, L.H., Vonelbe, J.H.: Kinetics of the Formation of Zinc-Complexes of Chlorophyll Derivatives. Journal of agricultural and food
chemistry. 40, 2341-2344 (1992)
650. Petrovic, J., Nikolic, G., Markovic, D.: In vitro complexes of copper and zinc with chlorophyll. J Serb Chem Soc. 71, 501-512 (2006)
651. Jones, I.D., White, R.C., Gibbs, E., Butler, L.S., Nelson, L.A.: Experimental Formation of Zinc and Copper-Complexes of Chlorophyll
Derivatives in Vegetable Tissue by Thermal Processing. Journal of agricultural and food chemistry. 25, 149-153 (1977)
652. Commission, E.: COMMISSION REGULATION (EU) No 231/2012 of 9 March 2012 laying down specifications for food additives listed
in Annexes II and III to Regulation (EC) No 1333/2008 of the European Parliament and of the Council. Official Journal of the
European Union. (2012)
653. Roca, M., Gallardo-Guerrero, L., Minguez-Mosquera, M.I., Rojas, B.G.: Control of Olive Oil Adulteration with Copper-Chlorophyll
Derivatives. Journal of agricultural and food chemistry. 58, 51-56 (2010)
654. Scotter, M.J.: Methods for the determination of European Union-permitted added natural colours in foods: a review. Food Addit
Contam A. 28, 527-596 (2011)
655. Kay, A., Gratzel, M.: Artificial Photosynthesis. 1. Photosensitization of TiO2 Solar-Cells with Chlorophyll Derivatives and Related
Natural Porphyrins. J Phys Chem-Us. 97, 6272-6277 (1993)
656. Li, Y., Sasaki, S., Tamiaki, H., Liu, C.L., Song, J.X., Tian, W.J., et al.: Zinc chlorophyll aggregates as hole transporters for biocompatible,
natural-photosynthesis-inspired solar cells. J Power Sources. 297, 519-524 (2015)
657. Vernon, L.P.: Spectrophotometric Determination of Chlorophylls and Pheophytins in Plant Extracts. Anal Chem. 32, 1144-1150
(1960)
658. Lorenzen, C.J.: Determination of Chlorophyll and Pheo-Pigments - Spectrophotometric Equations. Limnol Oceanogr. 12, 343-346
(1967)
659. Ballschmiter, K., Katz, J.J.: Long Wavelength Forms of Chlorophyll. Nature. 220, 1231-1233 (1968)
660. Suzuki, T., Midonoya, H., Shioi, Y.: Analysis of chlorophylls and their derivatives by matrix-assisted laser desorption/ionization-timeof-flight mass spectrometry. Anal Biochem. 390, 57-62 (2009)
661. Milks, K.J., Danielsen, M., Persson, S., Jensen, O.N., Cox, R.P., Miller, M.: Chlorosome proteins studied by MALDI-TOF-MS: Topology
of CsmA in Chlorobium tepidum. Photosynthesis research. 86, 113-121 (2005)
662. Vavilin, D., Brune, D.C., Vermaas, W.: N-15-labeling to detennine chlorophyll synthesis and degradation in Synechocystis sp PCC
6803 strains lacking one or both photosystems. Bba-Bioenergetics. 1708, 91-101 (2005)
663. Calvano, C.D., Ventura, G., Cataldi, T.R.I., Palmisano, F.: Improvement of chlorophyll identification in foodstuffs by MALDI ToF/ToF
mass spectrometry using 1,5-diaminonaphthalene electron transfer secondary reaction matrix. Analytical and bioanalytical
chemistry. 407, 6369-6379 (2015)
664. Yruela, I.: Copper in plants: acquisition, transport and interactions. Funct Plant Biol. 36, 409-430 (2009)
665. Perales-Vela, H.V., Gonzalez-Moreno, S., Montes-Horcasitas, C., Canizares-Villanueva, R.O.: Growth, photosynthetic and
respiratory responses to sub-lethal copper concentrations in Scenedesmus incrassatulus (Chlorophyceae). Chemosphere. 67, 22742281 (2007)
666. Backor, M., Fahselt, D., Davidson, R.D., Wu, C.T.: Effects of copper on wild and tolerant strains of the lichen photobiont Trebouxia
erici (Chlorophyta) and possible tolerance mechanisms. Arch Environ Con Tox. 45, 159-167 (2003)
667. Sancenon, V., Puig, S., Mira, H., Thiele, D.J., Penarrubia, L.: Identification of a copper transporter family in Arabidopsis thaliana.
Plant Mol Biol. 51, 577-587 (2003)
668. Kupper, H., Setlik, I., Setlikova, E., Ferimazova, N., Spiller, M., Kupper, F.C.: Copper-induced inhibition of photosynthesis: limiting
steps of in vivo copper chlorophyll formation in Scenedesmus quadricauda. Funct Plant Biol. 30, 1187-1196 (2003)

218

669. Jackson, A.H., Kenner, G.W., Smith, K.M., Aplin, R.T., Budzikiewicz, H., Djerassi, C.: Pyrroles and Related Compounds - VIII. Mass
Spectrometry in Structural and Stereochemical Problems - LXXVI. The Mass Spectra of Porphyrins. Tetrahedron. 21, 2913-2924
(1965)
670. Hoffman, D.R.: Mass Spectra of Porphyrins and Chlorins. J Org Chem. 30, 3512-3516 (1965)
671. Moser, F.H., Thomas, A.L.: Phthalocyanine compounds. J Chem Educ. 41, 245 (1964)
672. Srinivasan, N., Haney, C.A., Lindsey, J.S., Zhang, W.Z., Chait, B.T.: Investigation of MALDI-TOF mass spectrometry of diverse
synthetic metalloporphyrins, phthalocyanines and multiporphyrin arrays. J Porphyr Phthalocya. 3, 283-291 (1999)
673. Zhang, S., Liu, J.A., Chen, Y., Xiong, S.X., Wang, G.H., Chen, J., et al.: A Novel Strategy for MALDI-TOF MS Analysis of Small Molecules.
J Am Soc Mass Spectr. 21, 154-160 (2010)
674. Hodgson, G.W.: Geochemistry of Porphyrins - Reactions during Diagenesis. Annals of the New York Academy of Sciences. 206, 670684 (1973)
675. Fischer, H., Orth, H.: Die Chemie des Pyrrols. 2, 602-612 (1937)
676. Fischer, H., Stern, A.: Die Chemie des Pyrrols. 2, 1-233 (1940)
677. Hill, R.: Haemoglobin in relation to other metallo-haematoporphyrins. Biochemical Journal. 19, 341-349 (1925)
678. Stern, A., Dezelic, M.: The light absorption of porphyrins XII (Metal complexes). Z Phys Chem a-Chem T. 180, 131-138 (1937)
679. Treibs, A.: Chlorophyll and heme derivatives in organic mineral materials. Angewandte Chemie. 49, 0682-0686 (1936)
680. Barrett, P.A., Dent, C.E., Linstead, R.P.: Phthalocyanines Part VII Phthalocyanine as a co-ordinating group - A general investigation
of the Metallic derivatives. J Chem Soc. 1719-1736 (1936)
681. Weidner, S., Knappe, P., Panne, U.: MALDI-TOF imaging mass spectrometry of artifacts in "dried droplet" polymer samples.
Analytical and bioanalytical chemistry. 401, 127-134 (2011)
682. Gabriel, S.J., Schwarzinger, C., Schwarzinger, B., Panne, U., Weidner, S.M.: Matrix Segregation as the Major Cause for Sample
Inhomogeneity in MALDI Dried Droplet Spots. J Am Soc Mass Spectr. 25, 1356-1363 (2014)
683. Zeegers, G.P., Steinhoff, R.F., Weidner, S.M., Zenobi, R.: Evidence for laser-induced redox reactions in matrix-assisted laser
desorption/ionization between cationizing agents and target plate material: a study with polystyrene and trifluoroacetate salts.
Int J Mass Spectrom. 416, 80-89 (2017)
684. Boulicault, J.E., Alves, S., Cole, R.B.: Negative Ion MALDI Mass Spectrometry of Polyoxometalates (POMs): Mechanism of Singly
Charged Anion Formation and Chemical Properties Evaluation. J Am Soc Mass Spectrom. 27, 1301-1313 (2016)
685. Zeegers, G.P., Günthardt, B.F., Zenobi, R.: Target Plate Material Influence on Fullerene-C60 Laser Desorption/Ionization Efficiency.
J Am Soc Mass Spectrom. (2016)
686. Zhu, G.-Z., Qian, C., Wang, L.-S.: Private communication. (2018)
687. Huang, D.L., Dau, P.D., Liu, H.T., Wang, L.S.: High-resolution photoelectron imaging of cold C60 anions and accurate determination
of the electron affinity of C60. The Journal of chemical physics. 140, 224315 224311-224318 (2014)
688. Vidhyullatha, K., Sajid, B., Jingbo, L.L., Oscar, M.R., Peter, J.D., Kyle, A.B.: Effect of metal surfaces on matrix-assisted laser
desorption/ionization analyte peak intensities. Eur J Mass Spectrom. 23, 287-299 (2017)
689. Warren, J.J., Tronic, T.A., Mayer, J.M.: Thermochemistry of Proton-Coupled Electron Transfer Reagents and its Implications. Chem
Rev. 110, 6961-7001 (2010)
690. Gruendling, T., Sauerland, V., Barahona, C., Herz, C., Nitsch, U.: Polyalanine - a practical polypeptide mass calibration standard for
matrix-assisted laser desorption/ionization mass spectrometry and tandem mass spectrometry in positive and negative mode.
Rapid Commun Mass Sp. 30, 681-683 (2016)
691. Vanhees, J., Francois, J.P., Van Poucke, L.C.: Standard reduction potential of the indium-indium(III) electrode. The Journal of
Physical Chemistry. 85, 1713-1718 (1981)

219

220

B

Acknowledgements

This work could not have been published without the help of many talented people, I was
fortunate enough to encounter and work with:
Firstly, I need to thank my Master students, who gave me their trust and put their efforts
into studying the MALDI-MS mechanisms under my supervision: Barbara Günthardt, Janina
Kaderli and Jonas Metternich. Without their help, my research questions would have taken
much longer to answer.
Secondly, I need to thank the immense support from our workshop: most notably
Christian Marro for all the wonderful and ingenious constructions he came up with, as well
as Christoph Bärtschi for welding tubes and flanges together, among many other things.
My thanks also extend to all the other members of the several departments working in the
workshop, like Andreas Hunkeler, René Dreier, Josef-Anton Agner, Andrés Laso, Oliver
Oberhänsli and David Stapfer for answering my questions, giving their advice, help and
opinion, whenever I needed it.
Thirdly, I need to thank Heinz Benz for his support on many occasions when I dropped in
to get some crimping tools, connectors, fuses, etc. He was always there for me to get
something useful from his extensive storage, always combined with a good dose of dry
humor.
Fourthly, I would like to express my gratitude to Lukas Fritsche for taking the time to think
along with me on the MALDI-FTICR project and for his patience, happy demeanor and for
sharing some of his in-depth knowledge.
Fifthly, the technicians from Bruker: Volker Sauerland, Ulrich Jaun, Stefan Kehlitz and
Matthew Newgren for going the extra mile (the supportive messages from California and
once Matt even called me back from Qatar!) to help out a Ph.D. student working on a
donated MALDI-TOF from the Children’s Hospital Zurich provided by Dr. Martin Hersberger.
Sixthly, I would like to thank Steffen Weidner and Carina Sötebier from the Federal
Institute for Materials Research and Testing (BAM), for carrying out the MALDI imaging and
ICP-MS measurements, respectively, for the polystyrene study.
Seventhly, I would like to express my gratitude to professor Andrea Sinz, Martin-LutherUniversität Halle-Wittenberg, Halle (Saale), Germany, for providing me with a working
laboratory in Halle and allowing me to work on the Ultraflex II, professor Thomas Drewello,
Friedrich-Alexander Universität Erlangen-Nürnberg, Germany for providing me with more
insight on fullerenes, professor Thomas Lippert, Paul Scherrer Institut, Villigen, Switzerland,
for the entertaining course on lasers, professor Andreas Vaterlaus, Laboratory for Solid
State Physics ETH Zürich, and professor Nicola Spaldin, Materials Theory, ETH Zürich, for
our discussion on the Curie temperature and its potential influence during the MALDI
experiment, professor Robert Knowles, Princeton University, Princeton, NJ, United States
of America, for providing me with more information on proton-coupled electron transfer
reactions and professor Lai-Sheng Wang, Ghuozhu Zhu and Chenhui Qian, Brown
University, Providence, RI, United States of America, for determining the electron affinities
of several anionic matrices, professor Martin Hersberger, Children’s Hospital Zürich, Zürich,

221

Switzerland for donating the Bruker Autoflex I, which after some repairs worked well
throughout my Ph.D. and enabled me to do the work presented in this thesis, Peter Gehrig,
Functional Genomics Center Zürich, ETH Zürich/University of Zürich, Zürich, Switzerland,
for donating the AB Sciex 4800, which was used for the mass spectrometry analytical
chemistry practicum, which I have initiated and resulted in very rewarding feedback from
the students.
Finally, I owe thanks to my two most inspiring and rationalizing colleagues: Robert
Steinhoff and Martin Czar.

222

C

Curriculum Vitae

Personalia:
Name:
Date of birth:
Place of birth:
Nationality:

Guido Paul Zeegers
23.07.1987
Alkmaar, the Netherlands
Dutch

Chronology:
06/2014 – 07/2014

CHEBANA ITN (Marie Curie Actions) Research secondment at
the Martin-Luther Universität Halle-Wittenberg, Halle
(Saale), Germany under supervision of Prof. Dr. A. Sinz at the
Institute of Pharmacy

07/2013 – 06/2018

Ph.D. thesis, ETH Zürich, Zürich, Switzerland
Supervisor: Prof. Dr. Renato Zenobi

10/2011 – 05/2012

ERASMUS
Programme,
Ruprecht-Karls
Heidelberg, Heidelberg, Germany

09/2006 – 07/2012

B.Sc. and M.Sc. Bio-Pharmaceutical Sciences, Leiden
University, Leiden, the Netherlands

09/2005 – 02/2011

B.Sc. Molecular Science and Technology, Leiden University,
Leiden, the Netherlands; Delft University of Technology,
Delft, the Netherlands

09/1999 – 07/2005

Pre-university education (gymnasium), Trinitas College,
location Han Fortmann, Heerhugowaard, the Netherlands
Profiles: Nature and Technology, Nature and Health; chosen
subjects: German 1, 2; biology 1, 2; Ancient Greek and Latin

Universtität

Publications:
Zeegers, G. P., Günthardt, B. F., Zenobi, R.: Target Plate Material Influence on FullereneC60 Laser Desorption/Ionization Efficiency. J. Am. Soc. Mass Spectrom., 27, 699-708 (2016)
– http://dx.doi.org/10.1007/s13361-016-1333-0

223

Zeegers, G. P., Steinhoff, R. F., Weidner, S.M., Zenobi, R.: Evidence for laser-induced redox
reactions in matrix-assisted laser desorption/ionization between cationizing agents and
target plate material: a study with polystyrene and trifluoroacetate salts. Int. J. Mass
Spectrom., 416, 80-89 (2016) – http://dx.doi.org/10.1016/j.ijms.2016.10.007

Conference contributions:
Oral presentations:
March 2−5, 2015, Longyearbyen, Svalbard, Norway – Ionization Principles in Organic and
Inorganic Mass Spectrometry 2015:
Target plate material influence on C60 LDI efficiency.
May 12, 2015, Berlin, Germany – 19. MALDI-Kolloquium:
Target plate material influence on C60 LDI efficiency.
October 29−30, 2015, Beatenberg, Switzerland – 33rd Swiss Group for Mass Spectrometry
meeting – SGMS 2015:
Target Plate Material Influence on Fullerene-C60 Laser Desorption/Ionization
Efficiency: Implications for MALDI.
May 10, 2015, Berlin, Germany – 20. MALDI-Kolloquium:
Evidence for laser-induced redox reactions between added trifluoroacetate salts
and substrate material during polystyrene/DCTB MALDI MS.
August 26−31, 2018, Florence, Italy – IMSC 2018 – 22nd International Mass Spectrometry
Conference:
Anion formation in MALDI depends on matrix and target plate material choice.
September 9, 2018, Lausanne, Switzerland - Swiss Chemical Society (SCS) Fall meeting
2018:
Anion formation in MALDI depends on matrix and target plate material choice.
Poster presentations:
August 24−29, 2014, Geneva, Switzerland – IMSC 2014 – 20th International Mass
Spectrometry Conference:
Influence of target plate material and sample layer thickness on LDI ionization
efficiency for C60.
September 11, 2014, Zürich, Switzerland – Swiss Chemical Society (SCS) Fall meeting 2014:
Influence of target plate material and sample layer thickness on LDI ionization
efficiency for C60.

224

October 30−31, 2014, Beatenberg, Switzerland – 32nd Swiss Group for Mass Spectrometry
meeting – SGMS 2014:
Influence of target plate material and sample layer thickness on LDI ionization
efficiency for C60.
January 23, 2015, Fribourg, Switzerland – Schweizerische Arbeitsgemeinschaft Oberflächen
und Grenzflächen (SAOG) 2015:
Influence of target plate material surface on C60 Laser Desorption/Ionization
efficiency.
February 17−18, 2015, Vienna, Austria – MassSpec-Forum-Vienna-2015:
Target plate material influence on C60 LDI Efficiency
March 23−26, 2015, Graz, Austria – ANAKON 2015:
Einfluss verschieder leitfähiger Materialien auf die Effizienz der LaserDesorption/Ionisierung von C60.
April 10−11, 2015, Beatenberg, Switzerland – CHanalysis 2015:
Target plate material influence on C60 LDI Efficiency.
September 4, 2015, Lausanne, Switzerland – Swiss Chemical Society (SCS) Fall meeting
2015:
Target plate material resistivity influences LDI efficiency.
February 28 – March 2, 2016, Hamburg, Germany – DGMS 2016 – 49. Jahrestagung der
Deutschen Gesellschaft für Massenspektrometrie:
Evidence for laser-induced redox reactions between added trifluoroacetate salts
and substrate material during polystyrene/DCTB matrix-assisted laser
desorption/ionization.
August 20−26, 2016, Toronto, Canada – IMSC 2016 – 21st International Mass Spectrometry
Conference:
Evidence for laser-induced redox reactions between added trifluoroacetate salts
and substrate material during polystyrene/DCTB matrix-assisted laser
desorption/ionization.
September 15, 2016, Zürich, Switzerland - Swiss Chemical Society (SCS) Fall meeting 2016:
Evidence for laser-induced redox reactions in matrix-assisted laser
desorption/ionization between cationizing agents and target plate material: a
study with polystyrene and trifluoroacetate salts.
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October 27−28, 2016, Beatenberg, Switzerland – 34th Swiss Group for Mass Spectrometry
meeting – SGMS 2016:
Evidence for laser-induced redox reactions in matrix-assisted laser
desorption/ionization between cationizing agents and target plate material.
August 21−22, 2017, Bern, Switzerland - Swiss Chemical Society (SCS) Fall meeting 2017:
Construction and initial characterization of an internal source matrix-assisted
laser desorption/ionization Fourier-transform ion-cyclotron resonance mass
spectrometer.
September 21−22, 2017, Kaiserslautern, Germany – Treffen der ‘Fachgruppe FT-MS und
hochauflösende
Massenspektrometrie’
der
Deutschen
Gesellschaft
für
Massenspektrometrie (DGMS):
Construction and initial characterization of an internal source matrix-assisted
laser desorption/ionization Fourier-transform ion-cyclotron resonance mass
spectrometer.

Awards:
2016
2018
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SCNAT/SCS Chemistry Travel Award (21st International Mass Spectrometry
Conference, August 20−26, 2016, Toronto, Canada)
Journal of Mass Spectrometry Symposium and Travel Award (22nd International
Mass Spectrometry Conference, August 26−31, 2018, Florence, Italy)

‘That’s all’
FINIS.
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Appendices
I

Tables

Table I.2.1:
Hybridization schemes for the σ-bonding frameworks of different geometrical
configurations of ligand donor atoms [159].
Coordination Arrangement of donor atoms
Hybrid
Orbitals hybridized
number
orbital
description
Linear
2
s, pz
sp
Trigonal planar
3
s, px, py
sp2
Tetrahedral
4
s, px, py, pz
sp3
Square planar
4
s, px, py, dx2-y2
sp2d
Trigonal bipyramidal
5
s, px, py, pz, dz2
sp3d
Square-based pyramidal
5
s, px, py, pz, dx2-y2
sp3d
Octahedral
6
s, px, py, pz, dz2, dx2-y2
sp3d2
Trigonal prismatic
6
s, dxy, dyz, dxz, dz2, dx2-y2
sd5
s, px, py, pz, dxz, dyz
sp3d2
Pentagonal bipyramidal
7
s, px, py, pz, dxy, dx2-y2, dz2
sp3d3
Monocapped trigonal prismatic s, px, py, pz, dxy, dxz, dz2
7
sp3d3
Cubic
8
s, px, py, pz, dxy, dxz, dyz, fxyz
sp3d3f
Dodecahedral
8
s, px, py, pz, dz2, dxy, dxz, dyz
sp3d4
Square antiprismatic
8
s, px, py, pz, dxy, dxz, dyz, dx2-y2
sp3d4
Tricapped trigonal prismatic
9
s, px, py, pz, dxy, dxz, dyz, dz2, dx2-y2
sp3d5

I

II

Entropy change (eV K−1)
at Tm

237
21
30.7
93.7
80.2
83
401
121
33.5
142
429
66.6
60.7
164
317
35.2

Enthalpy change (eV) at
Tm

933.5
1941
2183
2180
1811
1728
1358
693
302.9
2893
1235
505.1
3290
3693
1337
600.6

Standard entropy at
298 K and 100 kPa

Melting point (K)

Al
Ti
V
Cr
Fe
Ni
Cu
Zn
Ga
Mo
Ag
Sn
Ta
W
Au
Pb

Molar heat capacity at
298 K (eV K−1)

Element

13
22
23
24
26
28
29
30
31
42
47
50
73
74
79
82

Thermal conductivity
(Wm−1 K−1) at 300 K

Atomic number

Table 1.3.1
Overview of melting point, thermal conductity, molar heat capacity, standard entropy
at 298 K, enthalpy and entropy changes upon melting of the various elements, and alloys thereof,
tested. Values were taken from [572] and converted to eV with a conversion factor of 1 eV = 96.485
kJ mol–1.

0.253
0.259
0.258
0.243
0.260
0.270
0.253
0.264
0.271
0.248
0.263
0.282
0.262
0.252
0.263
0.275

0.293
0.318
0.320
0.244
0.283
0.309
0.344
0.431
0.422
0.296
0.441
0.672
0.430
0.338
0.492
0.672

0.111
0.147
0.223
0.218
0.143
0.181
0.137
0.076
0.058
0.388
0.117
0.049
0.379
0.542
0.130
0.049

0.119
0.076
0.102
0.100
0.079
0.105
0.101
0.110
0.191
0.134
0.095
0.082
0.115
0.147
0.097
0.082

Table I.5.1:
Calculated free electron Fermi surface parameters for metals at room temperature
ℏ
= 0.529 × 10−10 m is the Bohr radius
(except for Na, K, Rb, Cs at 5 K and Li at 78 K), where 𝑎𝑎0 =
2

4

1.11
0.92
0.75
0.70
0.64
1.36
1.20
1.20
1.93
1.37
1.11
1.02
0.98
1.71
1.70
1.57
1.40
1.75
1.65
1.50
1.62
1.57

1.29
1.07
0.86
0.81
0.75
1.57
1.39
1.40
2.25
1.58
1.28
1.18
1.13
1.98
1.96
1.83
1.62
2.03
1.92
1.74
1.90
1.83

4.74
3.24
2.12
1.85
1.59
7.00
5.49
5.53
14.3
7.08
4.69
3.93
3.64
11.1
10.9
9.47
7.47
11.7
10.4
8.63
10.2
9.47

𝑘𝑘𝐵𝐵

Fermi energy, 𝐸𝐸𝐹𝐹 (eV)

3.25
3.93
4.86
5.20
5.63
2.67
3.02
3.01
1.88
2.65
3.27
3.56
3.69
2.12
2.14
2.31
2.59
2.07
2.19
2.41
2.23
2.30

Fermi velocity, 𝜐𝜐𝐹𝐹 (× 108
cm s−1)

1.72
2.08
2.57
2.75
2.98
1.41
1.60
1.59
0.99
1.41
1.73
1.89
1.96
1.12
1.13
1.22
1.37
1.10
1.16
1.27
1.19
1.22

Fermi wavevector, 𝑘𝑘𝐹𝐹
(× 108 cm−1)

𝑟𝑟𝑠𝑠

𝑎𝑎0

Electron concentration, ne
(×1022 cm-3)
4.70
2.65
1.40
1.15
0.91
8.47
5.86
5.90
24.7
8.61
4.61
3.55
3.15
17.0
16.5
13.2
9.27
18.1
15.4
11.5
14.8
13.2

Radius parameter, 𝑟𝑟𝑛𝑛 =

3

Li
Na
K
Rb
Cs
Cu
Ag
Au
Be
Mg
Ca
Sr
Ba
Fe
Mn
Zn
Cd
Al
Ga
In
Sn
Pb

Radius parameter, 𝑟𝑟𝑠𝑠 (Å)

2

Metal

Valency, z
1

Fermi temperature, 𝑇𝑇𝐹𝐹 ≡
𝐸𝐸𝐹𝐹
(× 104 K)

𝑚𝑚𝑒𝑒 𝑒𝑒0

[545, 547].

5.51
3.77
2.46
2.15
1.84
8.16
6.38
6.42
16.6
8.23
5.44
4.57
4.23
13.0
12.7
11.0
8.68
13.6
12.1
10.0
11.8
11.0

III

Table I.7.1
Overview of the species displayed in Figures 7.1 and 7.3 and their corresponding m/z
values. The m/z value of the most abundant isotope composition, their monoisotopic mass, is given.
Masses corresponding to the neutral losses of ·CH3 and ·CH2CH3 of the PS-Cu+ adducts have been
omitted.
Species
PS-Al+
PS-Li+
PS-Na+
PS-Cu+
PS-Ag+
Monomer #
m/z
8
997.5
9
1017.6
1057.6
1101.5
10
1105.7
1121.7
1161.6
1205.6
11
1229.7
1209.8
1225.8
1265.7
1309.7
12
1333.8
1313.8
1329.8
1369.8
1413.7
13
1437.9
1417.9
1433.9
1473.8
1517.8
14
1541.9
1522.0
1537.9
1577.9
1621.9
15
1646.0
1626.0
1642.0
1681.9
1725.9
16
1750.1
1730.1
1746.1
1786.0
1830.0
17
1854.1
1834.2
1850.1
1890.1
1934.0
18
1958.2
1938.2
1954.2
1994.1
2038.1
19
2062.2
2042.3
2058.3
2098.2
2142.2
20
2166.3
2146.3
2162.3
2202.3
2246.2
21
2270.4
2250.4
2266.4
2306.3
2350.3
22
2374.4
2354.5
2370.4
2410.4
2454.4
23
2478.5
2458.5
2474.5
2514.4
2558.4
24
2582.6
2562.6
2578.6
2618.5
2662.5
25
2686.6
2666.7
2682.6
2722.6
2766.5
26
2790.7
2770.7
2786.7
2826.6
2870.6
27
2894.7
2874.8
2890.8
2930.7
2974.7
28
2998.8
2978.8
2994.8
3034.8
3078.7
29
3102.9
3082.9
3098.9
3138.8
3182.8
30
3202.9
3242.9
3286.9
31
3307.0
3346.9
3390.9
32
3411.1
3451.0
3495.0
33
3515.1
3599.0
34
3619.2
3703.1
35
3807.2

IV

Table 1.7.2
Overview of the species displayed in Figures II.7.2 and II.7.3 and their corresponding
m/z values. The m/z value of the most abundant isotope composition is given.
Species
m/z
DCTB•+
250.1
DCTB-Li+
257.2
(DCTB)2-Li+
507.3
(LiTFA)Li+
127.0
DCTB-Na+
273.1
(DCTB)2-Na+
523.3
(NaTFA)Na+
159.0
DCTB-K+
289.1
(KTFA)K+
190.9
(KTFA)2K+
342.9
Cs+
132.9
(CsTFA)Cs+
378.8
DCTB-Cu+
313.1
(DCTB)2-Cu+
563.2
DCTB-Ag+
357.1
Table 1.7.3
Main element concentration (g L–1) overview of the used TFA salt. Values below the
limit of detection (typical values for water analysis given in parentheses in ppb) are not listed.
27Al
50Cr
65Cu
106Pd
107Ag
115In
133Cs
137Ba
TFA salt
(0.1)
(0.05)
(0.1)
(0.1)
(0.03)
(-)
(0.05
(0.05)
4.20
Al
±0.23
9.16
Ag
±0.12
10.83
Ba
±0.31
6.39
Cr
±0.14
6.22
Cs
±0.14
4.19
Cu
±0.30
6.17
In
±0.60
5.58
Pd
±0.17

V

Table 1.7.4
Overview of reduction half equations and associated standard electrode potentials
[159, 691]. The concentration of each aqueous solution is 1 mol dm–3 and the pressure of a gaseous
component is 1 bar. Each reduction reaction in the left column can take place as long as the reverse
oxidation reaction in the right columns is situated above it.
Reduction half-equation
Standard electrode potential, E0 (V)
Li+ (aq) + e–
⇌ Li (s)
–3.04
Cs+ (aq) + e–
⇌ Cs (s)
–3.03
K+ (aq) + e–
⇌ K (s)
–2.93
Na+ (aq) + e–
⇌ Na (s)
–2.71
Ba2+ (aq) + 2 e–
⇌ Ba (s)
–2.91
Al3+ (aq) + 3 e–
⇌ Al (s)
–1.66
Ti2+ (aq) + 2 e–
⇌ Ti (s)
–1.63
V2+ (aq) + 2 e–
⇌ V (s)
–1.18
Cr2+ (aq) + 2 e–
⇌ Cr (s)
–0.91
2 H2O (l) + 2 e–
⇌ H2 (g) + 2 OH- (aq)
–0.82
Cr3+ (aq) + 3 e–
⇌ Cr (s)
–0.74
Fe2+ (aq) + 2 e–
⇌ Fe (s)
–0.44
Cr3+ (aq) + e–
⇌ Cr2+ (aq)
–0.41
Ti3+ (aq) + e–
⇌ Ti2+ (aq)
–0.37
In3+ (aq) + 3 e–
⇌ In (s)
–0.34
V3+ (aq) + e–
⇌ V2+ (aq)
–0.26
Ni2+ (aq) + 2 e–
⇌ Ni (s)
–0.25
Fe3+ (aq) + 3 e–
⇌ Fe (s)
–0.04
2 H+ (aq, 1 mol dm–3) + 2e–
⇌ H2 (g, 1 bar)
0.00
Cu2+ (aq) + e–
⇌ Cu+ (aq)
+0.15
Cu2+ (aq) + 2 e–
⇌ Cu (s)
+0.34
Cu+ (aq) + e–
⇌ Cu (s)
+0.52
Fe3+ (aq) + e–
⇌ Fe2+ (aq)
+0.77
Ag+ (aq) + e–
⇌ Ag (s)
+0.80
Pd2+ (aq) + 2e–
⇌ Pd (s)
+0.95
Au3+ (aq) + 3e–
⇌ Au (s)
+1.52

VI

Table 1.7.5
Overview of ground state electronic configurations and the first three ionization
energies (IE) of the tested cationizing agents and target plate materials. Values were taken from [159]
and converted to eV with a conversion factor of 1 eV = 96.485 kJ mol–1.
Atomic number Element Ground
state
electronic IE1 (eV)
IE2 (eV) IE3 (eV)
1
H
1s1
13.6
[He]2s1
3
Li
5.4
75.6
4
Be
[He]2s2
9.3
18.2
153.9
11
Na
[Ne]3s1
5.1
47.3
71.6
12
Mg
[Ne]3s2
7.6
15.0
80.1
13
Al
[Ne]3s23p1
6.0
18.8
28.5
14
Si
[Ne]3s23p2
8.2
16.3
33.5
19
K
[Ar]4s1
4.3
31.6
45.8
20
Ca
[Ar]4s2
6.1
11.9
50.9
22
Ti
[Ar]4s23d2
6.8
13.6
27.5
23
V
[Ar]4s23d3
6.7
14.7
29.3
24
Cr
[Ar]4s13d5
6.8
16.5
31.0
25
Mn
[Ar]4s23d5
7.4
15.6
33.7
26
Fe
[Ar]4s23d6
7.9
16.2
30.6
27
Co
[Ar]4s23d7
7.9
17.1
33.5
28
Ni
[Ar]4s23d8
7.6
18.2
35.2
29
Cu
[Ar]4s13d10
7.7
20.3
36.8
30
Zn
[Ar]4s23d10
9.4
18.0
39.7
31
Ga
[Ar]4s23d104p1
6.0
20.5
30.7
37
Rb
[Kr]5s1
4.2
27.3
40.4
42
Mo
[Kr]5s14d5
7.1
16.2
27.1
46
Pd
[Kr]5s04d10
8.3
19.4
32.9
47
Ag
[Kr]5s14d10
7.6
21.5
34.8
49
In
[Kr]5s24d105p1
5.8
18.9
28.0
50
Sn
[Kr]5s24d105p2
7.3
14.6
30.5
55
Cs
[Xe]6s1
3.9
23.2
35.2
56
Ba
[Xe]6s2
5.2
10.0
37.5
73
Ta
[Xe]4f146s25d3
7.5
15.5
21.8
74
W
[Xe]4f146s25d4
7.9
17.6
23.8
79
Au
[Xe]4f146s15d10
9.2
20.5
30.1
82
Pb
[Xe]4f146s25d106p2
7.4
15.0
31.9

VII

Supplier

Melting point

Electrical resistivity
(nΩm) at 293 K

Thermal conductivity
(Wm−1 K−1) at 300 K

Electronic work
function (eV)

Thermal work
function (eV)

Work function

Au

I

1337

20.5

317

5.1

4.25

A (100): 4.30

Chromium

Cr

I

2180

127

93.7

4.5

4.6

Tantalum

Ta

II

3290

125

60.7

4.3

4.25

T (100): 4.15

Molybdenum

Mo

II

2893

52

142

4.39

4.26

P (100): 4.53

Copper

Cu

II

1358

16.8

401

4.65

4.39

BeCu

II

1148−
1285

40

80

-

-

-

Brass

II

1173−
1193

62−66

125

-

-

-

Ph. bronze

II

1173−
1323

92

85

-

-

-

W

II

3693

54.9

164

4.54

4.50

F (100): 4.66

St. steel

II

1673−
1728

700−
720

16.3

-

-

-

Aluminum

Al

II

933.5

200

237

4.28

3.74

P (100): 4.30

Iron

Fe

II

1811

89

80.2

4.70

4.50

P (100): 4.67

Nickel

Ni

III

1728

59.0

83

5.15

4.60

Invar (Fe64/Ni36)

Invar

III

1700

800

13

-

-

-

Inconel

III

1563−
1623

1290

9.8

-

-

-

Ti90/Al6/V4

TiAlV

III

1873−
1923

1680

5.8

-

-

-

Silver

Ag

III

1235

147

429

4.26

4.31

P (100): 4.18

Zinc

Zn

III

693

54.3

121

4.22

3.74

-

Tin

Sn

IV

505.1

126

66.6

4.42

4.11

-

Lead

Pb

IV

600.6

192

35.2

4.42

3.83

-

Gallium

Ga

V

302.9

258

33.5

4.35

4.12

-

(eV)

Identifier

Gold

(K)

Metal

Table I.9.1:
Target plate metals, used identifier, supplier and some physical constants: electrical
resistivity, thermal conductivity and the work function (values taken from the supplier or from [572]).

P (100): 4.59
A (100): 4.63
F (100): 5.10
Beryllium copper
(Cu/Be1.6−2.0)
Brass (Cu63/Zn37)
Phosphor bronze
(Cu96/Sn3.5/P0.12)
Tungsten
Stainless steel - AISI 304
(Fe/Cr18/Ni10)

Inconel 625
(Ni61/Cr22/Mo9/Fe5)

T (100): 4.89
F (100) 5.53

The work function depends on the crystal face (for example: 100, 111, 110) and varies for different
techniques: P: photoelectric threshold; A: angle-resolved photoemission spectroscopy; T: thermionic
emission; F: field emission. Suppliers are categorized according to: I: stainless steel electroplated by
Galvotec GmbH, Schöfflisdorf, Switzerland; II: Department of Physics, ETH Zürich, Zürich, Switzerland;
III: Goodfellow Cambridge Ltd., Huntingdon, United Kingdom; IV: Alfa Aesar, Thermo Fisher (Kandel)
GmbH, Karlsruhe, Germany); V: Cerac® specialty inorganics; Socochim SA, Lausanne, Switzerland.

VIII

Table 1.9.2
Target plate elemental composition. The elemental composition of the commercial
target plate, as well as the target plate insets, was determined by X-ray fluorescence spectroscopy
using an EDAX Orbis Micro-XRF analyzer operated with the ORBIS Vision Software (EDAX Inc.; version
2.1.) and equipped with a Rh source operated at a voltage of 35 kV and a current of 500 µA.
Material
Elemental composition (at%)
Au
Plated layer too thin for analysis
Ag
Ag (100%)
Cr
Plated layer too thin for analysis
Ga
Ga (100%)
Sn
Sn (100%)
Ta
Ta (100%)
Mo
Mo (100%)
Cu
Cu (100%)
BeCu
Cu (100%); Be (undetect.)
CuZn
Cu (63.5%); Zn (36.5%)
Ph. bronze
Cu (94.8%); Sn (4.8%); P (0.4%)
W
W (100%)
Ni
Ni (100%)
Pb
Pb (100%)
Invar
Fe (66.0%); Ni (34.0%)
Inconel
Ni (65.7%); Cr (23.3%); Mo (6.5%); Fe (4.5%)
TiAlV
Ti (85.9%); Al (10.5%); V (3.6%)
St. steel
Fe (71.6%); Cr (18.7%); Ni (9.7%); C (undetect.)
Al
Al (99.8%); Fe (0.2%)
Fe
Fe (100%)
Zn
Zn (100%)
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Figure II.6.1a Fullerene-C60 ion signal intensity (area under the curve: AUC) plot overview for both
mass ranges (m/z 365–730 and 1040–2170, left and right two columns, respectively) and both
polarities (blue: negative, red: positive) for each substrate material tested. The average ion signal
intensity (n = 3) is plotted versus extraction delay time (0–950 ns, ∆ 50 ns) and laser fluence (0–3.53 J
cm–2, ∆ 10%), and represented here in a heat map where the data points have been interpolated.
Substrate material resistivity increases and thermal conductivity decreases from top to bottom.

XII

Figure II.6.1b Fullerene-C60 ion signal intensity (area under the curve: AUC) plot overview for both
mass ranges (m/z 365–730 and 1040–2170, left and right two columns, respectively) and both
polarities (blue: negative, red: positive) for each substrate material tested. The average ion signal
intensity (n = 3) is plotted versus extraction delay time (0–950 ns, ∆ 50 ns) and laser fluence (0–3.53 J
cm–2, ∆ 10%), and represented here in a heat map where the data points have been interpolated.
Substrate material resistivity increases and thermal conductivity decreases from top to bottom.

XIII

Figure II.6.2a Fullerene-C60 standard deviation overview, accompanying the average ion signal
intensity plots from Figure II.6.1a, for both mass ranges (m/z 365–730 and 1040–2170, left and right
two columns, respectively) and both polarities (blue: negative, red: positive) for each substrate
material tested. The standard deviation (n = 3) is plotted versus extraction delay time (0–950 ns, ∆
50 ns) and laser fluence (0–3.53 J cm−2, ∆ 10%), and represented here in a heat map where the data
points have been interpolated. Substrate material resistivity increases and thermal conductivity
decreases from top to bottom.

XIV

Figure II.6.2b Fullerene-C60 standard deviation overview, accompanying the average ion signal
intensity plots from Figure II.6.1b, for both mass ranges (m/z 365–730 and 1040–2170, left and right
two columns, respectively) and both polarities (blue: negative, red: positive) for each substrate
material tested. The standard deviation (n = 3) is plotted versus extraction delay time (0–950 ns, ∆
50 ns) and laser fluence (0–3.53 J cm–2, ∆ 10%), and represented here in a heat map where the data
points have been interpolated. Substrate material resistivity increases and thermal conductivity
decreases from top to bottom.
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Figure II.6.3 Averaged fullerene-C60 species-specific cation and anion signal intensities for all
measured and stable substrate materials, in increasing order of resistivity, for the 0–200 ns extraction
delay time intervals at two different laser fluence values: (A) 1.96 and (B) 3.53 J cm–2.

Figure II.7.1 Deposited polymer/DCTB/TFA salt (LiTFA here) mixture on copper. The edge of the
sample spot (ø 3 mm) is clearly defined on the left. Additionally, some ablated array spots (one is
indicated with a white dotted circle), after 25 laser shots (ø 55 µm), can be identified. This image was
recorded during the sampling process on the Autoflex I, just before the final, 100th array spot was
created.
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Figure II.7.2 Beyond m/z 500 no more peaks were detected for KTFA deposited on stainless steel
together with PS and DCTB. The salt cluster formation of KTFA prevents K+ from interacting with PS
and to great extent with DCTB (and, in case a copper target plate is used, with the target plate
material).
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Figure II.7.3 Overview of the DCTB-cation adducts and salt adducts formed in the absence of and
for several different TFA salts on a copper substrate; from top to bottom: no salt, trifluoroacetic acid
(HTFA), LiTFA, NaTFA, KTFA, CsTFA, Cu(TFA)2 and AgTFA. DCTB is denoted by ‡, DCTB-salt adducts by
*, (DCTB)2-salt adducts by **, DCTB-Cu+ adducts by ♦, (DCTB)2-Cu+ adducts by ■ and salt clusters:
(MTFA)M+ by ° and (MTFA)2M+ by °°. The Cs+ ion is denoted by +.
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Figure II.7.4 MALDI sample spot images (ø 3 mm) recorded with a 200 µm resolution on a copper
substrate by the Autoflex III, comparing the DCTB-salt, DCTB-salt-sandwich and PS-salt adduct signals
in the absence of a salt, and when trifluoroacetic acid, NaTFA, Cr(TFA)3, Cu(TFA)2 and AgTFA are used
as cationizing agent. All adduct species have been assigned a specific color and their brightness
indicates how much of each respective adduct was detected. The red frame denotes the signal used
to normalize the averaged mass spectra constituting the other images for that particular added salt
and hence the most intense signal and most abundant species. Only intra-row comparisons can be
made. Unobserved adducts, as well as the DCTB signal itself, have been omitted. In the absence of salt
and for HTFA only some very faint signals could be observed, corresponding to Na+-DCTB adducts and
noise. For the measurements a slide adapter target was used for the microscope slide-shaped
substrates. All mass spectra were recorded in linear mode. A 200 µm pixel size allowed for measuring
a single spot (ø 3 mm) within a 30-minute time frame. For each pixel, 500 spectra were added together
in a ‘random walk’ mode. Data acquisition was performed using the FlexControl 1.4 software (Bruker
Daltonics; ver. 3.5; build 127). For data processing, FlexImaging 4.0 (Bruker Daltonics; ver. 4.0; build
32) was used.

XIX

Figure II.7.5 MALDI sample spot images (ø 3 mm) recorded with a 200 µm resolution on a stainlesssteel substrate by the Autoflex III, comparing the DCTB-salt, DCTB-salt-sandwich and PS-salt adduct
signals in the absence of a salt, and when trifluoroacetic acid, NaTFA, Cr(TFA)3, Cu(TFA)2 and AgTFA are
used as cationizing agent. The red frame denotes the signal that was used to normalize the spectra
constituting the other images for that particular added salt and hence the most intense signal and
most abundant species. Only intra-column comparisons can be made. Unobserved adducts, as well as
DCTB itself, have been omitted. In the absence of salt and for HTFA (normalized on strongest peak at
m/z 333) only some very faint signals could be observed, corresponding to DCTB-Na+ adducts and, to
a great extent, noise. The DCTB-Na+ adduct signals were also very faint and have been normalized on
m/z 333 as well.
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Figure II.7.6 Averaged signal intensities of PS-salt and DCTB-salt adducts resulting from MALDI
measurements of a 1:1:8 10 mg mL–1 polystyrene 2000 in THF / 0.1 M metal TFA salt / 50 mg mL–1
DCTB in THF solution, deposited on a gold-plated stainless-steel substrate in combination with several
added TFA salts (n = 8). Apart from Au, which was applied as AuCl3, and H, which denotes trifluoroacetic
acetate, all metals denote their respective trifluoroacetate salts. The hyphen (–) denotes the negative
control where salt was completely absent.
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Figure II.7.7 Typical PS-Cu+ adduct spectrum. The peaks shown here correspond to a PS-Cu+ adduct
composed of 18 styrene monomers with a sec-butyl end-group. The loss of a fragments with either a
15 or a 29 Da mass can be seen, corresponding to neutral radical losses of ·CH3 and ·CH2CH3. These
fragments could constitute the methyl and ethyl groups from the sec-butyl end-group.

Figure II.7.8 The averaged polystyrene-cation adduct signal intensities of different salts when
deposited with DCTB and polystyrene 2000 on stainless steel (n = 24). The most prominent adducts
are PS-Cu+ and PS-Ag+ adducts. Only small traces of Ps-Li+, -Na+ and Al+ adducts could be qualitatively
identified.
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Figure II.9.1 Light microscope images of DPP, matrices (9AA, AQN, 9NA, 9CA, C60 and BDTD) and
matrix with DPP mixtures deposited on glass microscopy slides. For comparison, the scale corresponds
to the diameter of the laser beam (ca. 50 µm).
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Figure II.9.2 Anion signal strength of spectra (averaged for every target plate material, triplicates)
of the bare metals, integrated over the m/z 247−257 range. The resulting area under the curve (AUC)
is plotted against the laser fluence for each material tested.
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Figure II.9.3 Anion signal strength of spectra (averaged for every target plate material, triplicates)
of the metals with DPP spray-deposited on the surface, integrated over the m/z 247−257 range. The
resulting AUC is plotted against the laser fluence for each material tested.
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Figure II.9.4 Anion signal strength of spectra (averaged for every target plate material, triplicates)
of the metals with DPP with C60 spray-deposited on the surface, integrated over the m/z 247−257
range. The resulting AUC is plotted against the laser fluence for each material tested.
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Figure II.9.5 Anion signal strength of spectra (averaged for every target plate material, triplicates)
of the metals with DPP with 9AA spray-deposited on the surface, integrated over the m/z 247−257
range. The resulting AUC is plotted against the laser fluence for each material tested.
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Figure II.9.6 Anion signal strength of spectra (averaged for every target plate material, triplicates)
of the metals with DPP with 9CA spray-deposited on the surface, integrated over the m/z 247−257
range. The resulting AUC is plotted against the laser fluence for each material tested.
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Figure II.9.7 Anion signal strength of spectra (averaged for every target plate material, triplicates)
of the metals with DPP with 9NA spray-deposited on the surface, integrated over the m/z 247−257
range. The resulting AUC is plotted against the laser fluence for each material tested.
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Figure II.9.8 Anion signal strength of spectra (averaged for every target plate material, triplicates)
of the metals with DPP with AQN spray-deposited on the surface, integrated over the m/z 247−257
range. The resulting AUC is plotted against the laser fluence for each material tested.
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Figure II.9.9 Anion signal strength of spectra (averaged for every target plate material, triplicates)
of the metals with DPP with BDTD spray-deposited on the surface, integrated over the m/z 247−257
range. The resulting AUC is plotted against the laser fluence for each material tested.
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Figure II.9.10 Anion signal strength of spectra (averaged for every target plate material, triplicates)
of the metals with AQN spray-deposited on the surface, integrated over the m/z 205−212 range. The
resulting AUC is plotted against the laser fluence for each material tested.
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Figure II.9.11 Anion signal strength of spectra (averaged for every target plate material, triplicates)
of the metals with AQN and DPP spray-deposited on the surface, integrated over the m/z 205−212
range. The resulting AUC is plotted against the laser fluence for each material tested to show the
influence of the presence of DPP on the AQN molecular anion signal intensity compared to Figure
II.9.10.
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Figure II.9.12 Anion signal strength of spectra (averaged for every target plate material, triplicates)
of the metals with BDTD spray-deposited on the surface, integrated over the m/z 218−223 range. The
resulting AUC is plotted against the laser fluence for each material tested.
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Figure II.9.13 Anion signal strength of spectra (averaged for every target plate material, triplicates)
of the metals with BDTD and DPP spray-deposited on the surface, integrated over the m/z 218−234
range. The resulting AUC is plotted against the laser fluence for each material tested to show the
influence of the presence of DPP on the BDTD molecular anion signal intensity compared to Figure
II.9.12.
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III

Standard operation procedures

III.1

Spray deposition setup sample deposition

This SOP allows the user to position MALDI target plate insets matching a specific mold shape and
subsequently electrospray or pneumatically deposited sample solutions on their surface in a
reproducible manner, controlling the layer thickness by varying sheath gas pressure, voltage, solution
flow rate and dwell time.
The electrospray setup is an assembly of a motorized 3D axis stage, a syringe pump, a motor controller,
a high voltage supply and a laptop, equipped with software to control the motor controller and the
syringe pump. Sample deposition integrity is ensured through a series of Teflon® masks: one stationary
1, 2 or 10 × 10-hole mask and two sliding orthogonal masks, each equipped with a row of 10 holes. De
holes have a 3-mm diameter and their centers are spaced 4 mm apart.

III.1.1

Inset handling

Use gloves for the entire inset handling! Make sure the pressurized air is switched off, as well as the
high voltage! The masks cover a milled-out structure, which fits the target plate insets. Two different
milled-out target plate inset holders are available, one fits insets of 50.0 × 50.0 × 1.0 mm, the other
insets of 25.0 × 75.0 × 1.0 mm. Since not all insets match these dimensions perfectly the milled-out
structure is made slightly bigger and care should be taken to place the metal insets directly pushed to
the front left sides of the cavity. Two insets of 50.0 × 50.0 × 1.0 mm fill the milled-out structure in the
MALDI target plate. Another MALDI target plate fits two 25.0 × 75.0 × 1.0 mm insets. Sprayed insets
are secured with 6-mm wide copper tape.

III.1.2

Syringe pump preparation

In principle all it requires to deposit a sample is dissolving the substances in a solvent. It can prove
useful to use a vortex and a sonicator to ensure all material is dissolved to prevent clogging of the
setup’s capillaries. Connect the serial cable to the USB hub and connect this to the laptop equipped
with the LabVIEW program ‘syringe pump’.
Select a syringe and verify its inner diameter (see manufacturer’s specifications or Harvard syringe
pump manual). Fill the syringe with sample solution, connect it to the capillary and ensure there is no
more air in the system by pushing the piston until a drop emerges from the electrospray source
capillary. Place it on top of the syringe pump, clamp it down and switch on the syringe pump.
Start the ‘syringe pump’ program and the remote function is automatically switched on. The syringe
diameter can be set, as well as the flow rate (µL or mL per minute or hour) and maximum volume
(which should not exceed the syringe’s capacity), which ensures the syringe pump stops working after
a specific volume has been met.

III.1.3

Mask preparation

After inserting the metal inset in the grounded aluminum cavity and pushing it in the lower left corner,
cover this with the first mask that fills up the remaining milled-out cavity. Choose 1 or 2 × 10 mask for
the 25.0 × 75.0 × 1.0 mm insets and the 10 × 10 mask for the 50.0 × 50.0 × 1.0 mm insets. Place the
other two masks over this mask in an orthogonal fashion. First fit the one in the y-direction (the axes
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are labelled on the stepper motors), then place the one in the x-direction on top. Secure the masks
with the aluminum frame and the four screws. Do not screw the frame too tight, because some room
is required for the masks to slide over each other without putting too much stress on the stepper
motors.

III.1.4

Stepper motors

The stepper motors are all connected to a motor controller which is connected to the laptop through
a USB connection. The ATP program on the laptop controls the controller. Load previously saved
sequences for the x- and y-axis movements, or set the position of each sample spot individually and
specify the dwell time. Consider the translation speed of each axis of 1 mm s−1 when setting dwell
times. Make sure the starting position and the end position are set to 0,0 in the front right corner of
the masks. Ensure the return to the start position at the end of the sequences does not involve passing
over previously sprayed sample spots. The program starts by clicking on the ‘run’-buttons. The number
of spots and the set dwell times determine the time required to complete the spraying cycle.

III.1.5

Starting the spray procedure

Make sure the tip of the electrospray source is at the ‘home’ position, defined as 0,0 in the ATP
program. A mirror and spraying a piece of paper with a colored solution can help to establish whether
the spray cone is centered on each sample spot.
Close the hood, switch on the syringe pump with the LabVIEW program, turn on the pressurized air,
or nitrogen (when dealing with oxygen-sensitive compounds) and set the pressure (max. 5 bar can be
applied). When working with aqueous solutions and no redox reactions are to be expected, the high
voltage supply can be used for electrospray deposition: set the voltage and ensure the current is
almost zero. Now start both x- and y-stepper motor sequences and run the program.

III.1.6

Stopping the spray procedure

In principle the syringe program stops as soon as the maximum volume has been reached and motor
controller program stops when the stepper motors have run their sequences. After the run the syringe
pump can be reset to zero and, if required, the syringe can be refilled. The pressurized air can be
switched off and the high voltage (if applied) must be removed, before opening the hood. Wear
gloves when removing the masks. This procedure can now be repeated and the resulting insets can
be inserted in the MALDI target plate. If the spray setup is not used for a while, it is recommended to
rinse the capillaries with a solvent that dissolves all previously sprayed compounds. Visual inspection
of the spray quality on a glass slide with a microscope can aid in setting the optimal spray parameters:
sheath gas pressure, voltage (for electrospray), sample solution flow rate and dwell time.
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III.2

MALDI-FTICR-MS laser alignment

This SOP allows the operator to align the laser with the magnet bore and, therefore, with the MALDIFTICR-MS cell, with customized pinhole alignment tools and the close-close/far-far method.
This SOP does not require the target holder to be situated in the measuring chamber positioned right
in front of the ICR cell under UHV conditions. Alignment can be done without the target present.
1. Make sure the laser is switched off. Key should be in the OFF-position and the laser power
supply switched off.

2.
3.

Remove the lid from the laser box (remove the two
screws)
Overview of the laser setup:
A.
B.
C.
D.
E.
F.
G.

4.

Laser head
Beam expander
Convex lens (750 mm)
Dichroic mirror
Camera
Light
2D translation stage

Set-screws are indicated with red
arrows.
Switch on the PHILIPS analogue
monitor to visualize the laser at the
point where the target should be
positioned.

A
B
C
D

G
F

E
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5.

XL

The position of the camera can be adjusted with by either: loosening the screws of the
holder, rotating it or adjusting the set screws.
The measuring chamber’s tube position is
secured with two Teflon® rings: One
supporting the tube from the sample
bellow side and one supporting the tube’s
viewport on the laser side.

6.

Pull the vacuum chamber about 10 cm out
of the magnet and remove the white
Teflon® ring on the laser side. Pulling the
instrument out of the magnet is a twoperson job! Do it slowly and only pull the
measuring chamber itself, not the frame.

7.

Put the alignment cap over the laser viewport. Be careful not
to hit the dichroic mirror when putting on the alignment cap!
A small hole has been made in the center of the alignment tool.
The paper is applied to visualize the UV laser beam. The paper
is centered by using a sharp needle and subsequently stuck to
the alignment tool with tape.

8.
9.

Pull out the instrument about 30 cm and fix the Teflon ring, which will pop out, on the
target side.
Now pull the instrument carefully 40 cm out of the
magnet bore, holding the Teflon® ring in place: the
position of the laser viewport is now the position
of the target.

10. Make sure that the cap is properly fixed! Be careful not to hit the mirror!
11. Fit the second alignment tool on the magnet bore on the laser side. Be careful not to hit
the mirror! A small hole has been made in the
center of the alignment tool. The paper is applied to
visualize the UV laser beam. The paper is centered
by using a sharp needle and subsequently stuck to
the alignment tool with tape.

12. Open the APT User software by
double-clicking on the following icon
on the desktop:
The screen should
look like this:
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13. By right-clicking on the red LED displays of each axis the axis position can be set. Position
[0.0;0.0] is situated at the top-left corner of the target. Do not exceed a travel of 40.0 mm
to prevent the axis from reaching its maximum limits, potentially damaging the stage!
14. Wear laser safety goggles before proceeding!
15. Switch on the laser head by flipping the switch on the
front panel and by turning the key to the right to ON.
Do this preferably 30 minutes before measuring to
ensure stable laser performance.
16. Double-click on the L-Win software icon
on the desktop to start the laser
software.

Make sure the Control mode is ‘RS232’, the laser is on Standby (yellow) and the Trigger is
set to ‘external’ in the L-Win software.
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17. Set the laser power to 65.00%
(this is just above the lasing
threshold) in the L-Win
software by changing the value
in the Pump section under
Current set. Set the Trigger to
‘internal’.
Change
the
repetition rate from 1000 Hz to
50 Hz in the Repetition Rate section below the downwards pointing arrow underneath
‘internal’. Switch on the laser in the software by pressing the big ON / OFF button beneath
Emission (it should light up green and the Standby button should switch off).
The laser should now appear somewhere on paper of the alignment tool positioned at the
laser side of the magnet. The beam is not focused at this point, so it will be a broad spot of
ca. 2 mm in diameter.
18. If you must start from scratch, follow the following procedure:
A. Start the ATP User software and go to position [20.0; 20.0] (see section III.4).
B. First align the laser in the vertical plane. Trace the beam with a business card.
You can use the movement of the stage by translating it from 0 to 40 in the
vertical plane.
C. Introduce the mirror and align the laser beam on the pinhole by adjusting the
height of the mount and the angle of reflection and with the set screws of the
mirror mount.
D. Introduce the beam expander (position 5.5; ca. 7 mm out) at 51 mm from the
laser output and repeat the previous step. Ensure the beam is not clipped.
E. Introduce the 750-mm focal length
convex lens at 154 mm from the laser
output and repeat the alignment step on
the first pinhole.
F.
Remove the first alignment tool and align
on the second pinhole with the mirror
set screws (this you can visualize on the
PHILIPS monitor). Be careful not to hit
the mirror!
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G.

Reintroduce the first pinhole and verify the position, adjust with the position of
the stage if necessary. Be careful not to hit the mirror!
H. Repeat the previous two steps until you are satisfied with the beam alignment.
The beam should disappear in the pinhole of the cap alignment tool.
I.
To make the alignment even better you can increase the repetition rate to 1000
Hz for better visualization. Be extra careful!
If you just want to assure yourself whether the laser is still aligned, you can start with step
G, followed by F and repeat this, as step H suggests, until you are satisfied with the result.
When in doubt: check first if the stage is centered at [20.0; 20.0] and whether the cap is
properly positioned over the viewport (it may have shifted upon retraction of the
instrument).
19. Additionally, you can readjust the camera position to center the beam on the monitor and
draw a cross on the screen with a ruler and a waterproof marker to roughly indicate the
position of the laser once it is centered on the axis of the magnet bore. Refocusing is better
done when the target is in position.
20. If you had to change the center of the stage from [20.0; 20.0] to another value in step 19G,
proceed as follows:
•
Make sure the stage is centered based on your adjustments (note down the
axis’s positions to be sure).
•
Close the software and switch the controller off by flipping the switch at the
back of the controller.
•
Restart the controller and jog back to
position [−20.0; −20.0]. This means you are
now at actual [0.0; 0.0] position.
•
Switch the software and the controller off
again and restart. If you now move to
position [20.0; 20.0], the laser will be
centered at the magnet bore.
21. Push the instrument back in and
remove the alignment tools.
Restore the Teflon® ring around
the viewport. Be careful not to hit
the mirror!
22. Make sure the light is switched on and close the cover of the laser box again. The
instrument is now aligned and ready for operation.
23. When an additional spot appears next to the focused laser point on the target this due to
reflection between the target plate and the viewport.
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III.3

MALDI-FTICR-MS sample exchange

This SOP allows the operator to introduce new samples into the MALDI-FTICR-MS and provides a
detailed description of the exchange process, several hints on troubleshooting and customizing target
positioning.
This SOP assumes the target holder to be situated in the exchange chamber under UHV conditions.
1.

Make sure the pneumatically driven gate valve
between the measuring chamber and the exchange
chamber is closed (white indicator on the side of the
gate valve indicates current position).

2.

Switch off the exchange chamber turbo
pump (Turbo Pump 1) by pressing
‘STOP’ on the Turbotronik NT 150/360
VH controller.

3.

Close the exchange chamber’s evacuation line
(keep the roughing pump running; turn
Speedivalve connected to Turbo Pump 1
clockwise).
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4.

Slowly open the small gate valve next to the exchange
chamber’s vacuum gauge until it clicks.

5.

Give the turbo pump some time to slow down (you can
hear this and you can monitor the pressure on the ion
gauge: channel 1) before you open the gate valve
completely (a red knob indicates it is it completely
open).

6.

When the exchange chamber pressure is around 10−2–
10−3 mbar (or lower, but the turbopump is not
rotating loudly anymore) you can open the green
nitrogen inlet valve counterclockwise, followed by
slowly opening the regulator valve between the small
gate valve and the nitrogen inlet valve anticlockwise
to increase the exchange chamber pressure to ca
600–900 mbar. 2–3 turns will result in a pressure of
ca. 50 mbar; 4–6 turns will result in atmospheric
pressure.

7.

Open the big manual gate valve (it will make a strong
click).

8.

Open the view port door.

9.

Retrieve
the
target holder by
inserting
the
two pins of the
forked
exchange tool
in the left two
holes in the
target holder.

10. Slide the target
holder to the
right to release
it from the
clamp and pull
it towards you.
11. If you require some time to prepare the next target, close the viewport and the manual
gate valve again to prevent unnecessary contamination of the exchange chamber.
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12. Exchange the target plate in the target holder by pushing it out. When inserting a new
target plate, make sure that the conducting pushpin in the center of the holder is pushed
down, when sliding over it.

13. Fit the target holder on the forked exchange tool, but insert the two pins in the two holes
on the right side of the target holder. The metal pushpin at the back of the target should
point to the left in the direction of the measuring chamber.

14. Slide the target holder on the left side of the clamp and retract the tool.
15. Close the view port.
16. Close the big manual gate valve (when you hear an audible click and the handle turns
lighter, it is closed).
17. Turn off the nitrogen inlet (turn the green knob clockwise).
18. Open the evacuation line of the exchange chamber (turn the Speedivalve connected to
Turbo Pump 1 anticlockwise).
19. Close the pressure regulator valve (turn the knob clockwise).
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20. Close the small manual gate valve (turn the
knob clockwise; red pin should be gone).
21. Wait until the pressure has been lowered
to 0.1 mbar and switch on the exchange
chamber’s turbo pump by pressing ‘START’
on the Turbotronik NT 150/360 VH
controller. While speeding up the green
LED next to ‘Hochlauf / Acceleration’ will
be lit up.
22. When the exchange
chamber’s
turbo
pump is running at
the proper speed
(‘Normalbetrieb
/
Normal
operation’
LED should light up
orange) and the
pressure difference
between
the
exchange
and
measuring chamber is in the low 10−6 mbar range, target plate insertion can commence.
23. Switch on the FTMS-LAB computer. Start the sample exchange program (McTerminal).
Press ‘ausführen´ when prompted by Windows. Press ‘Okay’ in the next pop-up window.
Initialize the motors with ‘Initialize system’.
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24. Open the Movavi Video Editor 8 SE software for a digital image of the sample exchange
from the laser viewport camera. Click ‘Capture Video’ to start the camera. The image will
not be in focus.

25. Additionally, switch on the SONY analogue monitor.
Line A provides a view from the laser view port and
Line B provides a top view from the measuring
chamber view port for accurate positioning (in case
the steps ‘Target insertion’ and ‘A2 clamp pos’ must
be reevaluated; see below). The screen will appear
white at this point.
26. Press button ‘Target insertion’ in the McTerminal software (the pneumatically-driven gate
valve will make a noise upon opening).

L

27. Monitor the movement of the target through the chambers’s viewports and through the
Movavi image capture tool. The axis position can be monitored by clicking on the ‘Monitor’button in the McTerminal software. In case you notice intervention is required the axis
movement can be stopped by clicking on ‘Stop / Escape’. ‘Move Relative’ steps can be used
to accurately position the axes and to find the perfect positions for target exchange.

For a while nothing will appear on either screen. After ca. 800000 steps on Axis 1, its target
clamp will appear on Line A. Quickly thereafter you can monitor the insertion of the target
holder on Line B.
28. Wait until the target holder is mounted on the second rod and press button ‘A1 retraction’.
Ensure the target does not come back with the first rod! (See camera Line B). Once fully
retracted, the moving part of the translation stage will press the switch positioned at the
end of its translation: this will cause the pneumatically-driven gate valve to close.
29. Upon retraction of the first rod, press button ‘A2 positioning’ to move the second rod,
carrying the target, to the center of the magnet and to position the target directly in front
of the ICR cell. You will see this on both screens. The target will slowly come into focus on
Line A.
30. If need be the target position can be altered by right-clicking on the ‘A2 positioning’-button
and setting a smaller value than 1000000 (which corresponds to a position directly in front
of the ICR cell and a translation from the initialization position of 635 mm; so, each step
translates ca. 0.635 µm). Don’t exceed this value! The axis could potentially destroy the ICR
cell (an emergency end break is installed to prevent this from happening).
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31.

Wait until the pressure in the measuring chamber is sufficiently low for
measurements (10−8–10−10 mbar; ion gauge channel 2). Press CH to
change channels.

32.

After the measurements are done, retract the target by subsequently
running the following steps: ‘A2 retraction’ → ‘A1 insertion’ → ‘A2
clamp pos’ → ‘Target retraction’. Wait for each step to complete before
starting the next! Monitor the target holder movements through the
chambers’s view ports, or via the monitors.

Wait for each step to finish,
before starting the next step!!!

33. After the target holder has returned in the exchange chamber by the second program, the
SOP can be repeated. In case communication fails: the axes are connected to COM4.
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III.4

MALDI-FTICR-MS sample measurement

This SOP allows the operator to measure new samples, inserted into the MALDI-FTICR-MS, and provides
a description of the basic steps and software involved for calibration, noise peak removal, setup
alteration, data acquisition and data saving and exporting.
This SOP assumes the target holder to be situated in the measuring chamber positioned right in front
of the ICR cell under UHV conditions (see section III.2) and the laser to be aligned (see section III.3).
1.

Switch on the PHILIPS analogue monitor to visualize the target plate. The red cross drawn
on the screen indicates the position of the laser, which is
centered on the axis of the magnet bore.

2.

Make sure that the Thorlabs axes controller,
BSC202, is switched on. The On/Off-switch is
positioned at the back of the controller. The
orange LED on the front panel lights up when
switched on. Two green LEDs on the front
panel indicate whether each axis is active.

3.

Open the APT User
software by doubleclicking
on
the
following icon on the
desktop:

4.

The screen should look like this:
Go to File > Load APT Parameter
Set… and select ‘laser setup’ and
press Load.
By right-clicking on the red LED
displays of each axis the axis position
can be set. Alternatively, you can jog
with 0.1 mm steps. If you want to
check which axis is which, press Ident
and the corresponding green LED on
the control box front panel will
switch on and off. Position
[20.0;20.0] will position the laser
beam in line with the magnet bore
center. The laser will hit the target
plate slightly to the right of the
center. Position [0.0;0.0] is situated
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5.
6.

at the top-left corner of the target. Do not exceed a travel of 40.0 mm to prevent the axis
from reaching its maximum limits, potentially damaging the stage!
If you want to change the Parameter set settings, press Settings and refer to the ‘Help’
section for further information.
Double-click on the L-Win software icon on the desktop to start the laser
software.
The screen will now look like this:
Make sure the Control
mode is ‘RS232’, the
laser is on Standby
(yellow)
and
the
Trigger is set to
‘external’ in the L-Win
software.

7.

8.
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When the laser box is properly closed,
you can work without laser safety
goggles. Switch on the laser head by
flipping the switch on the front panel
and by turning the key to the right to
ON. Do this preferably 30 minutes
before measuring to ensure stable laser
performance. (Tip: best done before
new sample introduction.)
Set the laser power to 95.00% in the L-Win software by changing the value in the Pump
section under Current set. Switch on the laser in the software by pressing the big ON / OFF
button beneath Emission (it should light up green and the Standby button should switch
off):

9.

Now an LED in the
lower section should
light up in front of
emission.
The
estimated
pulse
energy is given in the
lower section of the
screen. It takes a while
before the laser pulse
has reached a steady
value (ca. 30 pulses) of
ca. 110 µJ. This is the
pulse energy at the
laser outlet and has
been verified to be
valid with a power
meter (note this value
is provided in mW).
Due to absorption by
the
optics
and
viewport this energy
will be lower when the
pulse hits the target!
The laser power can be
adjusted
by
the
attenuator with the
accompanying
LabVIEW program.
10. Note: all the IonSpec electronics operate on 110 V! Before starting the Omega software
make sure that the Omega2XP Workstation is switched on:

and the Cell Controller Unit is switched off
(LED should be off):
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11. Double-click on the Omega software icon on the desktop to start the mass
spectrum acquisition software:

The following window appears:

Followed by this window:

Select your name in the Operator
Name list, or create a new one.
The following options will appear:
Select ‘MALDI Source’.

12. The following
window
appears:
Switch on the
power of the
Cell Controller
Unit and press
Continue >>.
13. This window will appear:

Press Continue >>.
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14. Note down the operating pressure in the measuring chamber. This should
be below 10−8 mbar.

15. Finally, the actual acquisition software window appears:

16. Open either a
working
Setup File or
Transient
File:
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17. The following screen will appear:

Some important notes considering the Setup-Files:
•
Our measurement cell is composed of only a few components and does not
require as many connections and parameters as the standard setup file.
•
It is important to note that the Triton laser fires when the pulse is lowered. The
pulse voltage has to be raised first. There is a delay of about 3.5 µs between the
electrical pulse lowering and the laser firing, but this is negligible in comparison
to the ion flight times, which is several 100 µs depending on the size of the ion
under investigation.
•
The ion storage time can be varied significantly in 100−1000’s of ms, which also
depends on the operating pressure and hence the number of collisions the ions
might encounter with the neutral species present in the cell.
•
The ions can either be trapped by lowering only the Quad. Trapping potential
(on the target side) or by lowering both the Quad. Trapping and the Fil. Trapping
potential (on the laser side) and subsequently restoring the voltages. 15−20 V
should already suffice to trap the ions.
•
The excitation voltage (Synthesizer) can be varied. Good results have been
obtained between 80−140 V.
•
The two initial pulses on the Fil. and Quad. Trapping plates are to ensure all the
ions have left the cell and form a cleaning step.
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18. To run the Setup File the downpointing arrow next to the
Acquire button is pressed and
acquire is selected:

19. Now a window appears
indicating how many spectra
will be acquired at the same
position and accumulated in an
averaged spectrum. Select a
number and press ‘Begin
Acquisition´ and wait until the
measurement is completed.
For initial measurements it is advisable to just do single shot measurements to evaluate the
shot-to-shot variability.
20. Additionally, it is good practice to first record a spectrum where the laser is still switched
off to record a blank spectrum with all the electronic noise peaks. For example:

21. The peak list can be called upon by pressing:
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The following window appears:
By noting down the Frequency
of the noise peaks, you can add
them to a noise peak list and
filter them out of your spectra
in a reversible manner.

22. By opening the noise peak list,
noise peaks can be added by
denoting their frequency and
peak tolerance.
By clicking on Tools > Remove
Noise Peaks the noise peaks can
be filtered out of the spectra or
reintroduced.
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23. Repeating the sample acquisition with the laser switched on will result in a spectrum (e.g.
CsI3 with DCTB and C60):

Note: The laser will require some time to reach its set power! Best approach is to fire
about 50 shots at an unimportant point on the target plate and subsequently adjust the
laser power with the attenuator.
24. The spectrum is best saved by
saving the Transient, which will
include the Setup File. This way
successful methods can be easily
recalled.
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25. By saving the spectra as ASCII mass
spectra they can be easily exported
and processed in other software
(e.g. mMass):

26. To visualize the transient of the acquired spectrum, click on:

27. To return to the spectrum, click on:

28. To change the measurement parameters, click on:
Simply click on the part you want to change and a window will open, which
will enable you to alter the parameters, such as timing, potentials and mass
ranges. Refer to the ‘Help’ section for additional information.
29. To print an overview of the measurement parameters, right-click in the Setup
window and click on Experiment Setup Listing…
This window opens and enables copying and printing the metadata:
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30. Upon switching off the Omega software the
following window will appear:

Click Yes and the following screen will appear:

Switch off the Cell Controller Unit and press
Continue >> .

31. When your measurements are finished,
make sure that you switch off the laser
head. This will prolong the laser lifetime.
Turn the key to the left and flip the
switch of the laser to off.
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