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Abstract

Abstract

The discovery of "soft" ionization methods that allow the desorption and ionization

of large, involatile, and labile compounds, highly increased the interest for mass

spectrometry. A range of different classes of molecules, such as proteins,

oligonucleotides, and polymers, can now be mass analyzed. One of these ionization

techniques, matrix-assisted laser desorption/ionization (MALDI), was introduced

only 12 years ago. It relies on mixing the sample with a large excess of a small

organic molecule, the matrix, and to illuminate the preparation with a laser pulse.

Coupled with a time-of-flight mass spectrometer that in principle has no upper
mass limit, the system is utilized by many laboratories for routine analysis.

Very large ions are, however, difficult to detect in time-of-flight mass spectrom¬

eters. Most of the detectors function by amplifying electrons that are created upon

impact of the primary ions with a conversion surface. Unfortunately, the conver¬

sion efficiency drops with decreasing impact velocity. In time-of-flight mass spec¬

trometers, large ions reach the detector with low velocities and the detection effi¬

ciency is highly reduced.

In this work, an alternative technology for ion detection is presented. Ion-to-pho¬
ton detectors (IPD) make use of photons emitted when ions impinge on a scintil¬

lating surface. Two configurations were tested. In the first study, the primary ion

beam was directly collected on a quartz plate covered with a scintillator. Outside

the vacuum, a photomultiplier detected the photons. Different types of scintillators

were tested. Organic materials, such as BBOT (2,5-bis (5'-t-butyl-2-benzoazolyl)

thiophene), were the most efficient, with short fluorescence lifetimes in the order

of 1-2 ns. The total response time of the detector was, in our case, limited by the

speed of the photomuliplier and was about 4 ns, which is sufficient for many

time-of-flight applications. Using single event counting techniques, the device

was compared to a standard detector, the microchannel plate. It was found that

the efficiency of the IPD relative to the microchannel plate, decreased as the mo¬

lecular mass of the ion increased, for a given ion energy. Small ions (in our case

smaller than 150 Da at 22 keV) produced more photons than secondary electrons.

We also found that the conversion of ions into photons depends on the ion energy.

Signal intensities can be increased by post-accelerating the ions just in front of the

scintillator. In contrast to microchannel plates, that can only use limited post-ac¬

celeration voltages, the IPD can be floated at much larger voltages.

Using the fact that the IPD is more sensitive to small particles, a second detector
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configuration was tested, the ion-to-electron-to-photon detector (IEPD). In this

device, the primary ion beam is first converted into smaller particles -ions or elec¬

trons- by impact onto a conversion dynode. These are then accelerated to the scin¬

tillator. It was found that a large fraction of the light signal was due to secondary
electrons. In contrast to the IPD, a plastic scintillator was used that was mostly

sensitive to electrons. This detector gave large signal intensities and suitable sig¬

nal-to-noise ratios. A time response similar to the one estimated for the IPD was

found. Test measurements showed that a mass resolution comparable to standard

secondary electron detectors could be obtained. Compounds with very high mo¬

lecular weights (> 500TJ00 Da) were also readily detected.

In the second part of this work, the ion formation in MALDI was investigated.

Ions in MALDI originate from different sources. We focus our work on ions that

are already present in the condensed phase in the form of a salt. Upon laser illu¬

mination, the salt is liberated and the charges separated. This ion category is termed

"preformed ions". It was shown that MALDI mass spectra are influenced by the

sample preparation. The relative amount of preformed ions can to some extent be

controlled by the solution pLl, the amount of salt, or by the solvent used in the

sample preparation. The sample preparation also influences the quality of the

mass spectra. Better MALDI mass spectra were obtained with polar solvents and

acidic conditions.

In an attempt to use MALDI in a quantitative way, we propose a procedure to

correct for the different ionization / desorption and transmission efficiencies of the

molecules. It was found that very similar compounds can have quite different

efficiencies. Using two-phase MALDI, a modified sample preparation in which

the sample stays in a vacuum-stable solvent, relative stability constants were de¬

termined for a crown ether complexed with metal cations. The values found were

in good agreement with literature. It was therefore concluded that, for this sys¬

tem, the MALDI mass spectra reflected the equilibrium chemistry that existed in

the solution.
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Résumé

L'intérêt pour la spectrométrie de masse a beaucoup augmenté, en particulier

depuis la découverte de nouvelles méthodes d'ionisation douce permettant la

desorption et l'ionisation de composés labiles et peu volatiles. Différents types de

molécules, tels que protéines, oligonucleotides ou polymères, peuvent de nos jours

être analysées. L'une de ces techniques, la desorption et ionisation par laser assistée

par une matrice (MALDI en anglais), fut introduite il y a une douzaine d'année.

Son principe consiste à mélanger aux composés à analyser un large excès d'une

petite molécule organique -la matrice- et à irradier l'échantillon avec une impul¬
sion laser. Couplé à un spectromètre de masse à temps de vol, qui n'a en principe

pas de limite supérieure en masse, ce système est utilisé par beaucoup de

laboratoires pour des analyses de routine.

En spectrométrie de masse à temps de vol, les ions de masse élevée sont cependant
difficiles à détecter. La plupart des détecteurs amplifient les électrons secondaires

qui sont créés lors de l'impact des ions primaires avec une surface de conversion.

Malheureusement, en temps de vol, les gros ions atteignent le détecteur avec de

faibles vitesses et l'efficacité de détection est réduite.

Dans ce travail nous présentons une approche alternative de détection de ions. Le

détecteur "ion-en-photons" (IPD en anglais) utilise les photons produits lors de

l'impact des ions avec une surface scintillatrice. Deux configurations ont été testées.

Dans la premiere, le faisceau d'ions primaires est directement collecté sur un disque
de quartz recouvert d'un scintillateur. A l'extérieur du système sous-vide, un

photomultiplicateur détecte les photons. Différents types de scintillateurs ont été

utilisés. Les composés organiques tel le BBOT (2,5~bis(5'-t-butyl-2~

benzoazolyl)thiophène) ont la plus grande efficacité ainsi que des fluorescences

avec de courtes durées de vie de l'ordre de 1 à 2 ns. Le temps de réponse total du

détecteur était, dans notre cas, limité par le photomultiplicateur et se situe aux

alentours de 4 ns, ce qui est suffisant pour de nombreuses applications. Des mesures

événement par événement nous ont permis de comparer ce dispositif avec un

détecteur standard: la galette micro-canaux. A énergie donnée, l'efficacité de 1TPD

relative à celle des micro-canaux diminue lorsque la masse de l'ion primaire

augmente. Cependant, les ions de faibles masses (dans notre cas plus petit que

150 Da à 22 keV) produisent plus de photons que d'électrons secondaires. D'autre

part, les intensités des signaux peuvent être augmentés en post-accélérant les ions
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directement en face du scintillateur. Au contraire des galettes qui ne peuvent utiliser

que des voltages limités, 1TPD peut être amené à de bien plus grands voltages.

Prenant avantage du fait que ITPD est plus sensible aux ions légers, nous avons

testé un deuxième dispositif: le détecteur "ion - électrons - photons" (IEPD). Le

faisceau d'ions primaires est dans ce cas d'abord fragmenté en plus petites

particules lors de l'impact sur une dynode de conversion. Ces petites particules
sont ensuite accélérées en direction du scintillateur. Il a été observé qu'un grande

partie du signal était due aux électrons secondaires. Contrairement à ITPD, le

scintillateur utilisé avec 1TEPD est essentiellement efficace pour la détection

d'électrons. Ce détecteur émet des signaux de hautes intensités avec de bons rap¬

ports signal sur bruit. Le temps de réponse de 1TEPD est proche de celui de ITPD.

Des mesures ont démontré que des résolutions en masse au moins comparables à

celles obtenues avec des détecteurs à multiplication d'électrons secondaires

peuvent être obtenues. Des composés de haute masse moléculaire (> 500'000 Da)

ont également pu être aisément détectés.

Dans la deuxième partie de ce travail, les méchanismes de formation des ions en

MALDI ont été étudiés. Les ions en MALDI proviennent de différentes sources.

Nous nous sommes concentrés sur les ions déjà présents dans la phase condensée

sous forme de sel. Lors de l'impulsion laser, les molécules de sel sont libérées et

les charges séparées. Cette catégorie d'ions est appelée couramment "ions

préformés". Il a été montré que les spectres de masse MALDI sont influencés par

la façon de préparer l'échantillon. La quantité de ions préformés peut être, jusqu'à

un certain point, contrôlée par le pH de la solution, la quantité de sel dissoute et

par le solvent utilisé pour la préparation. Cette préparation influence également
la qualité des spectres de masse puisqu'il a été montré que de meilleurs résultats

sont obtenus avec des solvants polaires et sous des conditions acides.

Afin de pouvoir utiliser la MALDI quantitativement, nous avons utilisé une

méthode pour corriger les efficacités différentes de desorption/ionisation et trans¬

mission pour chacune des molécules, des molécules de compositions chimiques

proches pouvant avoir des efficacités assez différentes. Les constantes de stabilité

relatives entre un ether couronne et des cations métalliques ont été ensuite

déterminées à l'aide de MALDI à deux phases (la MALDI à deux phases est une

modification de la préparation d'échantillon de MALDI. Au lieu d'obtenir un

échantillon cristallin, l'analvte est dissout dans un solvant resistant au vide). Les

valeurs de stabilités relatives trouvées correspondaient bien aux valeurs de la

littérature. Nous en avons conclu que, pour ce système, les spectres MALDI

reflétaient les équilibres chimiques qui existaient au sein de la solution.
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Chapter 1.

1. Introduction

The chemical industry has enormously expanded in domains such as polymers,

organic synthesis, and biochemistry. The complexity and size of the investigated
molecules has steadily continued to grow. In parallel to these developments, ana¬

lytical chemistry has also undergone a noticeable evolution to adapt its methods

to the challenges posed by the researchers and the industry. Obviously, one of

their demands was to develop methods with the ability to identify and analyze

large and complex compounds.

One of the candidates is mass spectrometry. Mass spectrometry is an analytical

technique that separates molecules based on molecular weight. The general prin¬

ciple, already known at the beginning of the century, is to transform the mol¬

ecules into ions. Ions can then easily be manipulated by electrical, or magnetic
fields. Early ionization methods such as electron impact or chemical ionization

could not be applied to large, involatile species. Moreover, if ionization was

achieved, then strong fragmentation was often observed. The utilization of mass

spectrometry was therefore limited to classes of smaller molecules. In the '80s and

'90s the development of "soft" ionization techniques capable of ionizing large
involatile and labile molecules with a much lower fragmentation rate increased

the interest for mass spectrometry.

Currently proteins as large as 1 MDa are readilv ionized. The molecular mass is

not the only information that can be obtained: molecular structure, 3D-geometry

information, complexation energies, weak protem-protem interactions, and study
of chemical reactions can all be investigated bv mass spectrometry. Its sensitivity
to very small sample concentrations is another valuable asset particularly appre¬

ciated in biochemistry. The number of new instruments and users therefore ex¬

ploded. Today many laboratories are equipped with several complementary ion¬

ization techniques, for example, chemical ionization, electron impact, electrospray
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or matrix-assisted laser desorption/ionization (MALDI), and use them for rou¬

tine analyses. Besides the utilization of these techniques as tools, it is also impor¬

tant to understand their fundamentals. It will often result in the development of

new applications and method optimization.

The focus of this research was on MALDI coupled with a time-of-flight (TOF)

mass spectrometer. In MALDI, the analy te is mixed with an additional compound

(the matrix), whose role is to assist m sample desorption and ionization upon

illumination with a laser pulse. This method is very sensitive and is able to pro¬

duce ions from many different compounds such as proteins, oligonucleotides,

and polymers. When coupled with a TOF mass spectrometer, it has, in principle,

no upper molecular mass limit. In contrast to other methods such as sector and

quadrupole instruments, TOFs also do not require the instrument to be scanned

but rather the information over the whole mass range is obtained quasi simulta¬

neously.

Despite all their advantages, MALDI-TOF instruments also have some limitations.

New matrices, for instance, are still only found by trial and error, after testing

different types of molecules. This is because their exact roles and requirements, as

well as the ionization mechanisms, are not sufficiently known. Understanding

the ionization mechanisms can also help to optimize the sample preparation and

increase the spectral quality.

Another limitation of MALDI-TOF is its limited capability to give quantitative

information. To illustrate this, a MALDI mass spectrum of an equimolar mixture

of different polyethylene glycol (PEG) samples is shown in Fig. 1.1. The polymer

samples only differ by their average molecular weights.
The different PEGs do not appear in the spectrum with the same maximum inten¬

sity, as expected. There are two main reasons for this. First of all, even if all the

PEGs are at the same concentration in the sample, not all the molecules are des-

orbed, ionized, and transmitted through the mass spectrometer with the same

probability. However, the chemical composition of the molecules in Fig. 1.1 is

very similar but the number of sites where each molecule can be ionized (i.e. by

protonation or cationization), as well as the desorption efficiency will depend on

the oligomer size. The second reason that explains the different signal intensities

is that, in TOF mass spectrometers, the standard ion detectors have a very strong

mass bias. Large masses are detected with a much lower probability than smaller

ions. Today very heavy compounds can, thanks to the new "soft" ionization meth¬

ods, be transferred into the gas phase and ionized. Unfortunately, in some cases,

the detection mass bias is so problematic that these large ions are very poorly, if at

all, detected.
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Fig. i.J: MALDI-TOF mass specf; (/?;; o/mr cqmmolai nnxtme of polyethylene glycols with different mean

molecular masses (PEG \\\, lohae \\\ is the mean molecular mass). It contained. PEG 1500,

PEG 3000, PEG 6000, PEG ll'OOO, PEG 20'000, and PEG 35V00. The matrix was DHB (see

Chapter 2)

In this work, we concentrate on two main questions:

1 Is it possible to design an ion detector with improved efficiency for large
ions?

2 Despite the different ionization and detection efficiencies, can MALDI be

used m a quantitative way? Furthermore, can MALDI mass spectra reflect

the concentrations of compounds m the condensed phase?
In Chapter 4, we address the first question and will present alternative ion detec¬

tors. Rather than amplifying secondary electrons created during the impact of the

ions on a surface, these new detectors, called ion-to-photon detectors (IPD), are

sensitive to light produced by the ion impact. The effects of the scintillating sur¬

face material on the IPD efficiency will be investigated. Their efficiency to see

very large ions is compared to standard ion detectors.

To answer the second question, we tested the influence of the sample preparation

on the MALDI mass spectrum. It will be show in Chapter 5 that ions in MALDI

spectra originate from different sources. Some ions are already present in the con¬

densed phase m a salt torm (so-called preformed ions). Ions are also created by
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different mechanisms during the desorption event. The relative contribution of

the preformed ions can be to some extent controlled. From a practical point of

view, it will be shown that the spectral quality can be improved by using the right

sample preparation. A procedure to correct for different ionization and detection

efficiencies will then be described and applied to a test system. Under conditions

where the MALDI ions mostly consist of preformed ions, we will test whether

MALDI mass spectra can reflect the equilibrium chemistry that existed in the

sample solution.
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Chapter 2

Chapter 2.

.
MS : How it works

Mass spectrometry is an analytical method that separates the different compounds

contained in a sample according to their molecular masses. To do so, the sample is

brought into the gas phase and ionized. The ions are then mass analyzed and

detected. Although many different types of mass spectrometers exist, they all con¬

sist of three important parts:

1. The ion source

2. The mass separation

3. The ion detection

In the next paragraphs, a short review of the different existing systems will be

given. We will then focus on the techniques that were utilized in this work, in

particular on matrix-assisted laser desorption/ionization (MALDI) and time-of-

flight (TOF) mass spectrometry The ion detection is an important subject of this

thesis and will be discussed in Chapter 4.

2.1 The ion source:

2.1.1 Brief presentation of some ionization methods:

In the ion source, the sample is vaporized and ionized. Electron impact {> 2
was

one of the first ionization methods used. It consists of a heated filament that pro¬

duces electrons. These electrons are accelerated and collide with the gaseous mol¬

ecules injected into the source. Usually strong ion fragmentation is observed with

this method and the molecular ion is sometimes not detected. In a chemical ion¬

ization source, the ions are produced through gas phase reactions between the

sample molecule and a reagent gas present m the source 3. Two similar methods,

secondary ion mass spectrometry (SIMS) l and fast atom bombardment (FAB) 5,



Chapter 2 20

focus a particle beam (ions and neutrals, respectively) on the sample. With FAB

and SIMS, the upper molecular mass limit reached with the "older" techniques

described above was greatly improved. Ions of peptides as large as 10,000 Da and

their sequences were observed. In plasma desorption 6, described in more detail

in Chapter 4.2.9, molecules are ionized by the impact of fission fragments of 252Cf

decay on the sample. In field desorption 7, the sample is deposited on a whisker, a

filament covered with carbon needles. The high electrical field that is applied be¬

tween this whisker and an electrode ionizes the molecules. Avery successful varia¬

tion of this method is the electrospray 8/ 9. The sample is dissolved and intro¬

duced into the ion source through a capillary. On the exterior of this capillary a

strong electrical field is applied and, as in the case of field desorption, ionizes the

sample. This method usually produces multiply charged ions and is able to ionize

very high molecular weight molecules. Matrix-assisted laser desorption/ioniza¬

tion (MALDI), introduced 12 years ago, is a powerful laser volatilization tech¬

nique.

Mainly two ionization techniques have been used in this work. The first one,

MALDI will be the subject of Chapter 2.1.2. Secondly, plasma desorption was used

to produce a low ion rate necessary for counting techniques and will be discussed

in Chapter 4.2.9.

2.1.2 MALDI

2.1.2.1 Principle

Matrix-assisted laser desorption / ionization (MALDI) is a newly developed method

that has proven to be very efficient for many applications. It was successfully

utilized to detect very heavy molecules (for example, IgM -IMDa 10, 1.5 MDa

polymers n) and to analyze polymers 12, proteins, and oligonucleotides.

In this technique, the analvte is mixed with a large excess of a matrix. The matrix

is a liquid or solid compound of low molecular weight that absorbs the laser wave¬

length used (UV or IR).

A drop of the analyte/matrix mixture is deposited on the metal target and the

solvent is vaporized. The sample is then illuminated with a short laser pulse and

ions are created. A schematic of the desorption/ionization process is shown in

Fig. 2.1.1.
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Fig. 2.1.1: Principle of MALDI The sample, mixed until a large excess of a matrix, is deposited on the

"repeller" held at higii voltage (HV1). A short laser pulse irradiates the surface (A), creating a

dense plume of ions and ncnti als (B). The ions with the corresponding polarity are accelerated hy
the elech ical field ( 1IIVI I "- IHV2 I ). The elcchodc held at HV2 is called the "extractor.

"

The

ions are separated according to their masses (C)

After laser irradiation, a dense plume is created containing neutral and charged

particles. Only a small fraction of the desorbed molecules are effectively ionized

during this process. The ionization efficiency of MALDI was found by Mowry
and Johnston I3 to be around 1 ion per 10,000 neutral particles for laser irradi-

ances just above threshold (the threshold is the minimum laser irradiance neces¬

sary to "see" ions).

The fundamentals of MALDI ionization are still a subject of discussion. In Chap¬
ter 2.1.2.7, we will describe some of the main ionization models proposed. Then
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in Chapter 5, a contribution to better understand ion formation in MALDI will be

presented. We will also discuss on the importance of preformed ions in MALDI.

2.1.2.2 MALDI matrices

As matrices, Hillenkamp and Karas 14 used small organic molecules whereas

Tanaka et al. I5 introduced the method with fine metal particulate. The solid or¬

ganic molecule preparation is nowadays the most used method. Some commonly
used UV-matrices are shown in Fig. 2.1.2.

ft
V

OH

2,5-dihydroxy benzoic acid

(DHB)

HO'

OH

Pyndine-3 carboxylic acid

(Nicotinic acid)

H3CO

HO'x^
OCH,

a-eyano-4-hydroxy-cinnamic acid 3 5 dimethoxy-4-hydroxy-c innamie acid

(4-HCCA) (smapinio and)

OCH,

OH

4-hydroxy-3-mpthoxy-cinnamicacid
(ferulic acid)

Fig. 2.1.2: Some commonly used MALDI matrices anth then chemical structures and names.

Due to the lack of a clear understanding of the real matrix properties necessary

for efficient ionization yields, the search for optimized matrices is not yet possible

by using defined rules (composition, aridity /basicity functionality, etc..) but is

rather found by trial-and-error. Many i*esearches have focused on finding new

matrices with increased efficiencies l6' l7 18 for each class ot analyte compounds.
DHB is a very common matrix that is mostly used for mid-sized proteins (< 50kDa)

with UV and IR lasers. 4-HCCA is essentially a UV matrix (337 nm and 355 nm)

used to obtain high resolution positive peptide signals. Sinapinic acid and ferulic
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acid are useful for high mass protein ionization.

2.1.2.3 MALDI sample preparation

The mixing molar ratio of sample/matrix is typically between 1/100 to 1/10,000.

Although many sample preparations have been tried and optimized for such ap¬

plications, a standard method can be described as follows:

The analyte and matrix are dissolved and mixed in the desired concentrations.

Proteins and peptides are generally dissolved in a mixture of an organic solvent

(i.e. 2-propanol or acetonitrile) mixed with water acidified with 0.1% trifluoroacetic

acid (TFA). Acidic conditions were found to enhance the signal intensities, prob¬

ably due to increased sample solubility19. A drop of the mixture is then deposited

on the probe-tip and allowed to dry. Different drying methods have been pro¬

posed for solid preparations. The most common ones are: vacuum or cold /hot air

sample drying, dried-droplet method 20, and sample spinning 2k The main goal
of all of these methods is to obtain homogenous samples. MALDI signal intensi¬

ties often fluctuate quite significantly from laser shot to laser shot, mainly due to

surface inhomogeneity. This fact has motivated the search for better sample prepa¬

rations.

2.1.2.4 MALDI matrix properties

As previously mentioned, the real conditions necessary for a good MALDI solid ma¬

trix are still not fully understood. Although, some general properties canbe described

as follows:

1- The matrix must have a strong absorption band for the laser wavelength. A

good laser absorption is a prerequisite.

2- The sample, which is at much lower concentration than the matrix, must be

correctly dispersed and embedded in the solid. For that purpose, the matrix

should act as a solid solvent for the analyte and should have some chemical

affinity for it. The solvents for the matrix and the sample should be compatible
to obtain a well mixed solid crystal and thereby more constant MALDI signal
intensities.

3- A low matrix ionization potential is believed to be necessary. Karbach et al. 2Z

23 measured the ionization potential of typical UV-MALDÏ matrices in the gas

phase. Most of the matrices had values around 8 eV. These relatively small

energies are nevertheless not sufficient for a direct two nitrogen laser photon
ionization process (337 ran - 3.7 eV) of the matrix molecules m the gas phase.
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2.1.2.5 Two-phase MALDI

In a two-phase MALDI preparation 24/ 25, the analyte is dissolved in a slurry con¬

taining a low vapor pressure solvent and fine particulates. The particulates, usu¬

ally graphite powders, absorb the laser pulse. Several vacuum-stable liquid sol¬

vents have been successfully utilized: glycerol, o-NPOE (2-nitrophenyl octyl ether),

NBA (3-nitrobenzyl alcohol), and tetraglyme. This sample preparation can be used

for light and mid-sized ions (20kDa). Compared to the standard preparation, a

much better laser shot-to-shot reproducibility is observed 25. The sample crystal¬
lization that can be problematic with the standard preparation is not necessary

with two-phase MALDI.

2.1.2.6 Types of lasers

Many different laser types have been used in MALDI as well as many different

wavelengths. Flistorically, Hillenkamp et al. produced the first MALDI spectra by

using a frequency quadrupled Nd:YAG (266 nm). Since then the following wave¬

lengths have been successfully used:

Laser Wavelength Remarks

Nd:YAG 266, 355 nm

N2 337 nm

Excimer 193-308 nm

Er:YAG

CO.

2.9 urn

9.3-10.6 um

Historically the first laser used for MALDI.

Cheap and easy-to-use laser. One of the most used

lasers for UV-MALDI.

Not very trequently used, mostly due to its poor la¬

ser beam profile and divergence. It also utilizes dan¬

gerous halogen gases.

The most used laser for IR-MALDI.

Used for IR-MALDI although Er-YAG is preferred.
Is produced at low price and very easy to use.

The N2-laser, emitting at 337 nm, is the typical laser type for UV-MALDI mainly
due to its reasonable price and ease of use. Such a UV-laser was utilized tor most

of the experiments contained m this work. IR lasers were introduced in MALDI

later than UV-lasers. However, it is believed that IR ionization is softer than with

UV-photons. This results in a mass spectrum containing less fragments and the

possibility to distinguish larger molecules 2b. Another advantage of IR-MALDI is

the possibility to use a rich variety of solid and also liquid matrices that cannot be
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utilized with UV-lasers. Er-YAG lasers are used most often for IR-MALDI. They
are however expensive compared to N2-lasers. Experiments are performed in other

research groups to optimize the use of C02 lasers. These lasers can be produced
with a price comparable to that of N2-lasers.

2.1.2.7MALDI Ionization/'Desorption models

Several models were proposed to explain the MALDI mechanisms that create the

initial ions, including multi-photon ionization, energy pooling, disproportionation

reactions, excited-state proton transfer, thermal ionization, and desorption of pre¬

formed ions.

i) Multi-photon ionization: radical matrix ions are created by the absorption
of one or several photons. With a N2-laser (3.7 eV), it is usually believed

that more than two photons are necessary to reach the matrix ionization

potential.

ii) Energy pooling: the energy necessary for the ion creation results in the

sharing of several excited-state matrix molecule energies.

iii) Disproportionation model: explains the formation of positive and nega¬

tive matrix ions by light induced disproportionation of matrix clusters.

iv) Excited-state proton transfer: if an excited matrix molecule becomes more

acidic than in its ground state, then the proton transfer to an analyte mol¬

ecule becomes easier,

v) Thermal ionization: this model explains the ion formation with the rapid

heating of the substrate due to the laser shot absorption,

vi) Desorption of preformed ions: some molecules are present in the sample in

a salt form. Due to the laser shot, the salts and their counter-ions are liber¬

ated and separated.

All these models are described and discussed in more detail in the cited review 27.

2.2 Mass separation methods

2.2.1 Principle

In this work, the ions were mass separated with a linear time-of-flight (TOF) mass

spectrometer. This type of mass spectrometer works on the following principle:
the ions are accelerated with an electrical field and gain velocities that are directly
linked to their mass and charge. After the acceleration, they enter the so-called
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"field-free region" where they fly through the tube at their own speed. The small

masses gam more velocity than the heavier during acceleration and will therefore

reach the end of the "field-free region" first, where they are detected. Fig. 2.2.1

illustrates the time-of-flight mass separation principle.
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Fig 2 2 1 "Scientific illustitition of tin tnne-ot-fli^ht punnple One boat is occupied by several pei sons

the second one oiilu In/ oiu pa son Both boat'- an on the stai ting line when thefan is switched on

(a) Theacccleiahouofthelieaoie) boat is smallci computed to the one of the light boat Thefanis
then switched off (b) Uie boats haoe gained diffaent speeds the light one is fastei than the

lieavia Thei/wdl naotgate at the same spud toen if the fan is off (thefactions aie neglected) As

a lestilt, the lightei boat will teach the fmNi-hnc fn si ft)

The detector records the particle current reaching its active surface as a function

of time Using calibration methods, molecular masses can be deduced from the

ion flight times This method is very practical since there is no theoretical upper

limitation in the ion mass and no need tor complicated instruments. However, the
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quality of the mass spectra in terms of mass resolution (see Chapter 2.2.2) can be

insufficient for some applications.

To improve the resolution, a technique called delayed-extraction can be used. With

this set-up, the ions are accelerated only after a certain time delay. It results in

increased ion focusing on the detector and the possibility to distinguish between

ions with similar masses.

Mass separation devices that do not relv on the flight-time principle include qua-

drupole mass spectrometers, ion traps, sector instruments, and Fourier-transform

ion cyclotron resonance (FT-ICR) mass spectrometer. The reader is invited to con¬

sult the review article from Burlingame et al28 for a further description of these

methods.

2.2.2 Theoretical description of TOF measurements

As mentioned previously, the ions in TOF are accelerated by an electrical field.

This is achieved by using electrodes held at different potentials, the final one usu¬

ally held at ground. The simplest description of a time-of-flight (TOF) mass spec¬

trometer is shown in Fig. 2.2.2 below. It consists of a linear TOF with single stage

acceleration optics. The ions are accelerated with a single homogenous electrical

field created with two electrodes: A at high voltage and B at ground, separated by

a distance "s". In the region between the electrode B and the detector, the electri¬

cal field is zero.

Ion Source/Acceleration Ton Detector

7TTT

'«ft t> -«<

s D

Fig. 2.2.2: Description ot a simplified tnnc-ot-flifht The ions ai e created on "A" In the ion source, the ions

are accelerated with an elect) ical field The ions then enter the field-free-region Its length "D" is

usually muth laigcr than "s
'

The ton détectai is placed at the end of the field-free-regwn.
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Due to energy conservation, the potential energy of an ion with mass "m" and

number of charges "z" is, when it leaves the acceleration region, transformed into

kinetic energy. It can be written:

1

z-e-U -
— m-v2

2

,where "v" is the ion velocity as it leaves the acceleration region, "U" the potential
difference between the electrodes, and "e" the elementary charge constant. For a

given potential energy, the velocity of an ion is inversely proportional to the square

root of its mass.

y2-z-c-U
m

Outside of the ion optics, every ion will have gained a velocity that univocally
characterizes its mass to charge ratio (m/z).

The flight times, m the case where "s" is much smaller than "D" are:

/ m

t-D /

J 2-z-e-U

This equation can also be written as follows:

m 2'Z'e-U

z D2

The term (2'Z-e-U/D2) is constant for a given instrument and voltages. The m/z

ratio can therefore be calculated with a second order calibration equation. In prac¬

tice however, an equation containing at least a constant term "c" (time-offset) is

often used. Sometimes a linear term is introduced to improve the quality of the fit:

m

— =~ a-t- t-b-t k

7

The parameters a, b and c are found by using calibrant samples with known m/z
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ratios. For very precise mass determinations, calibrants with molecular masses

close to the unknown substance are added to the sample. This method is called

"internal calibration" as compared to "external calibration" where the "a", "b",

and "c" parameters are calculated in a first measurement with calibrants. The

parameters are assumed to stay constant for the following measurements and are

used for the unknown sample. It can be particularly difficult to prepare samples
with internal calibrants. The mass spectrum peaks of both calibrant and sample

must be of comparable intensities and attention must be paid that they do not

interact with each other. The external calibration technique was therefore pre¬

ferred in this work as long as the exactness of the molecular mass was not an

important factor.

Ideally, every ion with the same m/z ratio should arrive exactly at the same time

on the detector. In practice however, this is not true. Some of the reasons for this

time-spread in a TOF are listed below:

1- the ions have slightly different initial kinetic energies. Their final veloci¬

ties, and consequently their flight times, are therefore different.

2- the ions are created at different spatial positions. The ions therefore feel

slightly different electrical fields. It results in a velocity distribution at the

output of the acceleration optics and a peak broadening on the detector. In

the case of MALDI, this is less problematic because the target is a geometri¬

cally well-defined surface (the probe tip) in contrast to other ionization

methods such as chemical ionization or electron ionization where the sample

is first vaporized and, in a second step, ionized. Resolution loss due to the

points 1 and 2 can be partially compensated by using delayed extraction.

This was discussed in 1955 by Wiley and McLaren 29 and will be presented
in Chapter 2.2.3.

3- the electrical fields are not perfect. It results in slightly different ion trajec¬

tory lengths or m different ion energies.

4- the residual gas molecules in the TOF interact statistically with the ion pack¬

ages and slow them down.

5- the response time of the ion detector as well as the sampling rate of the

recorder are finite.

All these factors and many others negatively influence the mass spectral resolu¬

tion. The mass resolution (Fig. 2,2.3) is defined as the ratio between the mean m/

z ratio of a peak and its full width at half its maximum (FWHM). The larger the

value, the better the ions with very close m/z can be separated.
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ton signal
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Fig. 2.2.3: Definition of the mass lesolution R It is defined as the (m/z) value at the peak maximum divided

by the "jiill-width-at-iialf-maximum" (Am)

2.2.3 Delayed extraction

In a time-of-flight mass spectrometer with continuous extraction, the electrode volt¬

ages are switched on before the measurements and remain constant during the whole

experiment. Due to the effects mentioned above, the mass resolution is decreased.

The initial kinetic energy distribution can be partially focused by using delayed ex¬

traction 29. In this technique, a time lag is introduced between the ion creation and

their acceleration. By doing so, the ions with the higher kinetic energy will fly faster in

the extractor direction. When the electrical field is applied, these ions will be closer to

the extractor and will therefore feel a less intense electrical potential than ions with

lower initial velocities. This results m a refocusing of the ions on the detector. The Fig.
2.2.4 describes the process.
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With this set-up, a much higher mass resolution can be obtained. As an example,
a mass resolution with continuous extraction of ca. 300 was observed on our in¬

strument, for substance-P, a small 1300 Da protein. With delayed extraction, this

value approached 1000.

One disadvantage of delayed extraction is its inability to re-focus the ions inde¬

pendently of their masses. In other words, only a certain mass range is well re¬

solved. Larger and smaller ions show a mass resolution that is sometimes worse

than with normal continuous extraction.

2.3 Ion detection in TOF

2.3.1 Principle

An ion detector in a TOF is a device that senses the ions arriving on its surface.

The times that the ions took to cross the instrument are then calculated. These

flight times can then be transformed into (m/z) values using the calibration pro¬

cedure described in Chapter 2.2.2. Many different detection methods exist but

their final goal is to transform the primary ion current into an electrical current.

An ion detector should have the following features to be efficiently used in TOF

applications:

i) Sensitivity. Even though MALDI produces a significant amount of ions,

the number of charges are small and the detector needs to be sensitive. An

ideal detector would have a sensitivity independent of the ion velocity and

the ion chemical composition.

ii) Speed. Ions are accelerated m TOF with energies usually on the order of

some tens of kilovolts. Each different ion packet (or single ions in the case

of ion counting) is therefore flying in the TOF with large velocities (usually

km/s). To be able to distinguish between ion packets that have very close

velocities, the detector must have a short time response (usually ns).

iii) Low noise. Noise is a statistical signal that interferes with the ion signals. It

is common to calculate the signal-to-noise ratio of a signal to quantify the

importance ot the noise. This signal-to-noise ratio can be improved by sum¬

ming experiments. However, single event counting experiments will not

be successful it noise signals are larger than ion signals.

iv) Good electron amplification. As already mentioned, the ion number is too

small to be used without amplification. This amplification is achieved by

transforming the ion current into an electron current that is then amplified.
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A typical electron amplification factor (gain) is between 106 and 108.

v) Short recovery time. After receiving the first signal, many ion detectors

have a period where they need to recover and are therefore not able to

detect another ion packet arriving during this time. This effect can be cru¬

cial since, in TOF measurements, it is often the case that ion packets arrive

in very small intervals.

vi) High dynamic range. A detector is linear if its output electron current is

proportional to the amount of ions that hit its surface. It depends on the ion

current and on the detector working conditions. This linearity simplifies

quantitative measurements. When the primary ion current is too large, the

output electron current of the detector is no longer proportional to the ion

current. The detector is then saturated. In some cases, this effect can dam¬

age the detector.

vii) Large working area. In TOF applications, it is advantageous to have a de¬

tector with a large working area since the ion beam dimensions are rela¬

tively broad. It would be possible to focus this beam. In practice, however,

this is not often used because the ion density on the detector is then in¬

creased, increasing the risks of saturation.

viii) Other considerations: Low price, robustness, ease of implementation and

use are important in the design of detectors.

The main types of ion detectors used in TOF applications are reviewed in the

following chapters with attention given to their respective advantages and disad¬

vantages. We will sec that the need for an optimized ion detector, which is ca¬

pable of detecting efficiently light and heavy molecules, inexpensive and easy to

use is still a necessity In Chapter 4, an alternative detector will be described and

tested.

2.3.2 Secondary electron multipliers

In most TOF mass spectrometers, the ion signal is amplified using a secondary
electron multiplier (SEM), e.g. microchannel plates (MCP) or Channeltron® de¬

tectors. The principle of such detectors is the following: when a particle with ki¬

netic energy impinges a solid surface, secondary particles (ions, neutrals and elec¬

trons) mav be created. Tire created electrons are then amplified to reach a read¬

able current.
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2.3.2.1 SEM with discrete dynodes

In a SEM detector with discrete dynodes, the electrons created on the so-called

"conversion dynodc" are accelerated with an electrical field, to a second surface

(dynode) where the impact will create more electrons. This conversion/ amplifi¬
cation phenomenon is repeated several times on further dynodes. Typically these

detectors consist of 8 to 12 discrete dynodes. After this type of avalanche amplifi¬
cation, a charge is created on the last dynode (collector) that can be electronically

amplified and recorded. This system is schematically described in Fig. 2.3.1.

Fig. 2.3.1: Secondary electron multiplier detectoi pi maple The pai tick enters the detector and hits the first

dynode. The elections created dining the impact are accelerated to a second dynode and the

process is repeated. The last dynode collects the charges. With virtually grounded collector, the

high voltages (ITV) are negative and I HV11 > IHV2 I > 1 HV3 I >
...

2.3.2.2 SEM with continuous dynodes (Channeltron and MCP)

SEM with continuous dynodes are based on the same principle as that of discrete

dynodes but the dynodes are no longer discrete, rather they are transformed into

tubes. The electrons are accelerated by an electrical field through the tube. The

size of the amplification channel is variable: microscale for microchannel plates
(MCP) and up to macroscale for Channeltron type detectors.

The shape of a Channeltron detector can vary. Two examples are shown in Fig.
2.3.2. The first detector is a "horn-shaped" and the second "spiral-shaped". Pri¬

mary ions enter the cone and hit the inner side of the detector. The produced
electrons are accelerated to the inside of the tube by the electrical field applied
between the input ot the detector and the collector. They are amplified by the

same avalanche reaction as described above. For some TOF applications, the in¬

trinsic time-response ot these devices is too slow.
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Ions

Fig. 2.3.2: Tzoo examples of Channeltron detectors. The impact of the ions on the cone creates secondary

electrons that are then accelerated inside the tube by an electrical field. Subsequent impacts on

the walls amplify the electron amount.

An MCP is an array of miniature electron multiplier tubes oriented parallel to one

another (see Fig. 2.3.3). Their diameter varies typically between 5pm and 25pm

for mass spectrometry applications. The inside of the glass tube is treated to opti¬

mize secondary electron emission and al the channel-ends are electrically con¬

nected together by a metallic deposition. An electrical field is applied through the

plate to accelerate the electrons. The channel axes are usually biased to the MCP

surface (< "J 0°) to favor the contact between the primary particles and the inside of

the channels. For higher gain, MCPs can be mounted in pairs being rotated 180°

from the one other. This configuration, called "Chevron" allows electron multi¬

plication factors as high as 108.

Primary
Particles

Output
Electrons

Fig. 2.3.3: MicroChannel plate detector The secondary electron multiplication principle is the same as that

of discrete dynodes, The dynodcs consist of micro-tubes stacked together. An electrical field is

applied through the plate



35
Chapter 2

2.3.2.3 The secondary electron emission yield

The production of electrons caused by the impact of ions with a surface is a com¬

plex phenomenon. As discussed in more detail in Ref. 30, two independent mecha¬

nisms have been proposed to explain this phenomenon: potential emission and

kinetic emission. The total electron production is in fact the sum of these two

contributions.

The kinetic electron emission is caused bv the direct interaction between the im¬

pinging particles and the surface 31. This becomes particularly important for large
ion velocities (>1(F m/s). Different models have been proposed to describe this

mechanism for simple atomic systems 32' 33' 34. These models include the notion

of a velocity threshold, below which the kinetic electron emission is absent. Due

to a lack of experimental evidences, velocity thresholds are difficult to estimate.

The potential electron emission is preponderant for slower particles. The poten¬

tial energy of the projectiles is dissipated through Auger effects 35. This mecha¬

nism requires that the impinging particle is charged. The interaction starts al¬

ready before the ion reaches the target and, for atoms, its effect increases with ion

charge 35.

These mechanisms are well studied for large velocities and simple atomic sys¬

tems. Slower molecular ions showed more complicated behavior.

At constant ion energy, Chaurand et al. ^ showed that the electron emission yield
is strongly dependent on the molecular ion mass (and therefore on the ion veloc¬

ity). Their result is depicted in Fig. 2.3.4. The global conclusion that can be drawn

from these experiments is that the detection efficiency of an ion, at constant initial

energy, decreases with its mass.

In a more general manner, the dependence of the electron emission yield (y ) was
c

found to be a function of the proiectile mass and of its velocity. The same research

group found a general dependence of the form:

y =M0(,f(V)
c

where y is the electron emission yield, M the ion mass, and V the ion velocity. The
e

4
function was close to V for small values and linear with larger velocities. Geno

and MacFarianc 37 found a different relationship where A, B are constants:

Y -AMebV

where A and B are constants.
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Fig. 2.3.4: Secondary electron emission yield as a function of the ton molecular mass. All the ions have 18

ke V energy and are impacted on a Csl sin face Elus graph is reprintedfrom Ref. 30 with permis¬

sion

2.3.2.4 Advantages and Limitations ofSEMs

Some of the advantages and limitations of SEMs are listed below:

i) As previously discussed, we saw that the primary ion-to-electron conver¬

sion step is strongly velocitv dependent37' ^8'36, making detection of heavy
ions m TOF difficult since v =

x 2E/m ,
where v is the velocity, E the en¬

ergy, and m the mass.

To improve the conversion yield, higher acceleration potentials have been

used (up to 50kV). In addition to the fact that high voltages often lead to

undesired electric discharges, flight times are also reduced requiring fast

and expensive oscilloscopes and electronics. Another closely related ap¬

proach is to post-accelerate the ions with an electrical field in front of the
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detector to increase the ion velocity and thereby the sensitivity of the de¬

tection.

ii) Heavy ions, su ch as those produced by MALDI, were also shown to prefer¬

entially create secondary ions instead of electrons when impacting on a

surface 39'36. For this reason, large molecules should be broken into smaller

pieces prior the detection to enhance secondary electron production. A grid

placed in front of the detector is often used for this purpose. One of its

functions is to multiply the number of ions arriving at the detector surface

by secondary ion emission. These secondary ions are also accelerated onto

the detector and the signal intensity is increased. Unfortunately, their flight
times are all slightly different from the primary ion's flight time. The con¬

sequence is often a loss in mass resolution.

iii) These detectors are usually operated at high voltages, which increases the

risk of electric discharges.
This is particularly true when post-acceleration is used. MCPs are very sen¬

sitive to electrical sparks and can easily be destroyed by one discharge.

Extremely high post-acceleration voltages (50kV) are therefore not used

frequently in such set-ups.

To avoid this problem, a modified ion-to-electron detector was developed

by Daly 40. In this detector, the secondary electrons created by the impact

of the primary ions onto an aluminum target are accelerated onto a plastic

scintillator, giving rise to a light signal detected by a photomultiplier (PMl").

In this set-up, the conversion and the signal amplification are physically

separated and the problem of electric discharges notably reduced. A com¬

mercial implementation of this principle is used by Micromass (previously

FISONS)4L

iv) The maximal working pressure is limited as well as their robustness to

resist against chemicals.

Although some MCP factories have started to develop devices capable of

working under higher pressures 42, pressures higher than 10~5 mbar remains

unusual because of increased risks of electrical discharge, higher back¬

ground noise and shorter life-time. Exposure to water, oil or other chemi¬

cal compounds must be absolutely avoided as the detector can be destroyed

or the active conversion surface rendered inefficient. As a consequence,

MCPs are usually kept under vacuum when not in use.
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2.3.3 Inductive detectors

Ion detection methods, which do not rely on ion-to-electron conversion, have also

been reported. Park and Callahan developed a non-destructive inductive detec¬

tor 43 working on the same principle that is used m FT-ICR-MS (Fourier transfor¬

mation ion cyclotron resonant mass spectrometry). As described in Fig. 2.3.5, it

senses the image charges induced as an ion flies past an electrode. The resulting

signal shape looks like depicted in Fig. 2.3 5. The time resolution of this design is

still not satisfactory for many applications.

Fig 2 3 5 Inductive detee toi It i onsets of tin ce gl ids I he ex tei rial gi ids ai e held at a fixed potential and

act as eueigy fillets Vieattttal y id is louncited to the amplification and acquisition system It

senses the üuuges appiomhiug it This is a tioii-destiactive detectoi

2.3.4 Faraday cup detectors

Direct charge measurements (Faraday cup detectors) have also been successfullyused

44/ 45
in TOF-MS This type ot detector has no inherent gam and signals have to be

amplified externally. Bahr et al 4l estimated that the minimum number of singly

charged ions detectable bv their device was about 18'000

In a Faraday cup detectoi; the charges are collected on a metal surface. To avoid sput¬

tering, the detector usually contains an additional ring that repulses the sputtered

particles back to the dynode. Fhe geometry ot this kind of device must be precisely

controlled to minimize the artifacts
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2.3.5 Cryogenic particle detectors

These types of detectors are operated at cryogenic temperatures, typically below IK,

and are sensitive to the energy deposited by a single particle. Twerenbold et al.46 and

Benner et al. 47
are developing cryogenic particle detectors. They measure the total

deposited kinetic energy and therefore have a mass independent detection efficiency.

Although many different types exist, they all work on the principle that, at very low

temperature the thermal energy is small enough so that the perturbations of a system,

caused by a particle, become measurable. For example, phonon-mediated detectors

sense the temperature increase induced by the impact of the projectile on the detector.

Superconducting tunneljtrnction detectors consist oftwo superconducting films sepa¬
rated by a thin insulating barrier. The impact of the projectile breaks the charge equi¬
librium within one of the superconductor film and a tunneling current is created

through the insulator. This current is proportional to the energy deposited and there¬

fore to the amount of particles that impinged the surface. D. Twerenbold reviewed in

detail the different types of cryogenic detectors in Ref. 48. Up to now, their small

active areas (typically 0.04 mm2 in Ref. 47, 0.0016 mm2 in Ref. 46, and more recently
0.15 mm2 (3mm/50 (im) [personal communication from D. Twerenbold]), as well as

the costs and difficulty of ultra low temperature techniques, are the principal barriers

to wider utilization. However this approacli is still promismg. The time responses of

such detectors are larger than 100 ns. Unless very small ion acceleration energies are

used, this is not sufficient to resolve light ions.

2.3.6 Ion-to-photon detectors

When ions with kinetic energy impinge on a surface, it may result in the production
of light sparks. We will describe in Chapter 4 the possibility of using this phenom¬
enon to build a useful ion detector. The general phenomenon is not new: in 1950,

Richards and Hays 4q used light flashes produced by impacts of particles onto a scin¬

tillator to detect small ions, such as potassium and rubidium, in a mass spectrometer.
In their study, silver-activated zinc sulfide, thallium-activated sodium iodide, and

anthracene were used as ion-to-photon conversion materials. lonoluminescence has

also been reported for the impact of small ions onto metallic surfaces 50' 51. Low en¬

ergy (10-30 keV) H+ and He
'

ions incident on polycrystalline aluminum were shown

to give rise to broadband emission, mostly in the visible region.

Daly 40 made a significant contribution to the utilization of photons to detect ions. A

schematic of his detector is shown m Fig. 2.3.6. In this device, the ions are first trans¬

formed into electrons bv the impact ot the beam with a metallic dynode. The electrons

are then accelerated to a scintillator and the light produced is detected by a photo-
multiplier.
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Fig 2 3 6 The Daly detc toi lepiinted tiotit Rcf 40 Vu positu l ion beam is acceleiated on a convasion

dynode This eonoasion dyuodi is hüd at a nt^atui toltagc The elections created ate accelei¬

ated to the sautillafot held at pound and coaled u ith an aluminum layei The photo emission is

dctei ted by a photo-multiplia

Kaercher et al 52 demonstrated the possibility to simultaneously detect secondary
ions and photons pioduced by the impact of keV Csl clusters with masses up to

ca 1000 Da on a Csl tonveision dynode A PMT, opeiatmg under vacuum, as well

as a MCP, weie placed in fiont of the Csl taiget to collect two types of signals.

Considering the solid angle of photon collection and the quantum efficiency of

the PMT, a poor overall quantum efficiency of ca 0 3% was estimated In com¬

parison, the same estimation foi the MCP gave ca 50% Secondaiy ions and pho¬
tons were found to be pioduced independently of each other through different

mechanisms The authois obsei ved a velocity dependence of the photon produc¬
tion. Moreovei, tor the clusteis studied, thev found that unlike the secondary ion

vieid, the photon yield was not dependent on the piimarv ion's complexity The

excitation eneigy deposited on the taiget electiomc system could be correlated

with the photon emission yield
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More recently, light emission was used, in parallel with secondary ion detection,

in an electrospray quadrupole mass spectrometer 53. A detection efficiency on the

same order as the one reported by Kaercher et al. was calculated for multiply

charged ions. These authors estimated a photon emission yield on the order of 0.5

photons per ion for 55 km/s apo-myoglobin and lysozyme ions (16'951 Da and

14' 306 Da, respectively) impacting on different target materials such as Csl, quartz,

stainless steel, Si, Au, or Ta. The emission yield was not found to be strongly de¬

pendent on the target material.

We developed an îon-to-photon detector (IPD) that was designed to collect a large
fraction of the light produced. This detector will be the subject of the Chapter 4. It

is based on the detector used by Knochenmuss et al. 54. In that design, the surface

of a photomultiplier was coated with a thin layer of a scintillator compound, and

placed directly in the ion beam.

2.4 Data acquisition

Detector signals can be processed by using a transient recording or single event

counting system. Both methods have been used m this work. To understand the

fundamental differences between them, they will be briefly described.

2.4.1 Transient recording

The electron current coming out of the detector is transformed into a voltage sig¬
nal by passing through a resistance. In a transient recorder, this voltage signal is

monitored as a function of time. The amplitude of the signals in the recorder there¬

fore reflects the amplitude of the detector current.

Final signal intensities for TOF measurements using a transient recorder are the

result of different processes:

Signal current = N Y • Y
„ ,

• QE Gain
, .

O com ei sinn colkcùon ^
elections

N is the number of impinging ions per time, YuimetMon the conversion yield of ions

into either photons or electrons (tor the IPD and MCP, respectively). Y 0lledl0ri
is the

collection efficiency and QE the quantum efficiency describing the probability to

detect the secondary particles (photons or electrons). Gamelecüons is the electron

amplification factor ot the SEM chain. All these processes are shown in Fig. 2.4.1.
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Fig. 2.4.1: The transformation of ions into a current (I); the case of the IPD. The ion packet contains "N"

ions. Vie impact of these tons on the scintillator creates a certain amount of photons (other

secondary particles arc also aeated but they do not contribute to the final electron signal),

^conversion describes the number of photons created per incident ion. Only a certain fraction

(^collection) °/T/'c photons are emitted m the photomultiplier direction. The photomultiplier

itself only sees part of the photons and transform them into electrons. Tiiis yield is called the

quantum efficiency (QE) The electrons are then amplified in the secondary electron multiplier
chain contained in the photomultiplier. The amplification factor is the gain of the detector. It

strongly depends on the voltage at which the phototiiultipher is set.

In this mode, the amplification or reduction in the signal intensity is strongly in¬

fluenced by the detector specifications (Gain, QE, Yrollechon), by the conversion pro¬

cess (Y ) and ion number (N). It is therefore difficult to separate the effects
v conversion' v ' Jr

due to each process. To study more carefully the conversion process, the single
event counting technique described below is preferred.

2.4.2 Single event counting mode

For single event counting experiments, a low rate of arriving ions is necessary so

that only up to one ion (event) reaches the detector at a time. The output signal of

the detector is introduced into a constant fraction discriminator (CFD). A CFD is

an electronic device that gives a logical signal. This logical signal is equal to "1" if

the detector output intensity (transformed into a voltage by a resistance) is larger
than the CFD threshold. In the opposite case, it returns "0".
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CFD Threshold

time

Fig. 2.4.2: Functioning ofa constant fraction discriminator (CFD) If the signal intensity is lower than the

CFD threshold value then the CFD i etui jls no count In the opposite case, an additional count is

added. The CFD threshold can be manually varied

In TOF applications, one detector /CDF system detects the creation of the ion in

the source (start signal) and a second system detects their arrival at the end of the

flight tube (stop signal). The time difference between the start signal and the stop

signal is recorded and an additional count is added at the corresponding time.

Signal is accumulated to obtain good peak-to-background ratios. Similar to tran¬

sient recording, the signal can be described as follows:

Count rate = Y Y
„ .

QE
j, conversion collection ^

The electron gain no longer influences the count rate so strongly. As soon as fhe

signal intensity from a single event is above the CFD threshold, the gain of the

electron amplification chain does not influence the count rate. With a constant

CFD threshold, the technique gives no information about the effective value of

the signal current, or the number of secondary charges generated per input ion.

It is however possible to study the pulse height distribution by varying the CFD

threshold. An example of the pu Ise height distribution for CsJ and Cs2I+ measured

with the IPD is shown in Fig. 2.4.3, The ion energies were kept constant (22 keV)

and the threshold value was varied. The count rates were reported as a function

of the threshold value.
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CFD Threshold [mV]
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Fig. 2.4.3: IPD count rates of 22 keV Cs
, CS2I and CsjD as a function of the CFD threshold value.

A more convenient way to display the data is obtained by deriving the curve to

give the pulse height distribution for each mass (Fig. 2.4.4). The maximum of this

distribution was found at the same value (ca. 16 mV) and the distributions had

very similar shapes. Only one peak in the distribution was observed, no further

peaks were found at half or double of the first peak value. The CFD threshold in

our experiments was set at its minimum (7 mV). This value is suitable because it

is lower than most of the one-event pulses and is above the noise.
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i
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10 1s 20

Threshold value [mV]
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Fig. 2.4.4: Pulse height distribution for 22 keV Cs and Cs^/ ions detected ivith the IPD. The curves

shown in this figure were obtained by derivating the curves count rate vs. threshold ofFig. 2.4.3.
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3. Experimental

3.1 Introduction

The MALDI TOF experiments were performed mainly with an instrument in our

laboratory at ETFI Zurich. This home-built mass spectrometer as well as the pump¬

ing systems, the laser, and the data acquisition will be described below.

Some experiments were performed in Orsay (University of Paris-Sud, France) in

the group of Prof. Y. Le Beyec and in Munster (University of Münster, Germany)
in the group of Prof. F. Hillenkamp. The corresponding instruments will be de¬

scribed briefly in Chapter 4.2.9 and 4.3.9, respectively.

The ion detectors developed during this work are also depicted in detail.

3.2 The MALDI time-of-flight

3.2.1 The TOF and the pumping systems

The linear MALDI time-of-flight that was used for the large majority of the ex¬

periments is described below in Fig. 3.2.2. It consisted of a home-built instrument

with a flight path of 2 meters. In its middle a valve was mounted to separate the

optics chamber from the detection side. The optics chamber was evacuated with a

diffusion pump (Balzers, Model DIF200) equipped with a cold water trap. The

fore-vacuum was obtained by a two-stage mechanical pump (Leybold; Model

Trivac 16B). The detection chamber was pumped with a turbo-molecular pump

(Leybold, Model Turbovax 151) connected with a two-stage mechanical pump

(Alcatel, Model Pascal 2015). The working pressure inside the tube was typically
10_ö mbar or lower. Two ion gages situated m both chambers allowed monitoring
the pressures.
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3.2.2 The ion optics

The optics was a home-designed two-stage acceleration arrangement (Wiley-
McLaren extraction type). Two pairs of plates could be added to the system to

deflect the ions horizontally and vertically. The first electrode (repeller) was de¬

signed to receive the probe-tip and was set to the highest voltage (typically 25kV).
The middle electrode (extractor) was set at 20kV when continuous extraction mode

was used and at 21kV for delayed extraction. Both voltages were generated by
two reversing power supplies from Bertan (Model 2341). The third electrode was

grounded.

Two sets of ion-optics were used during this work. The electrode holes of the first

one were covered with gold high transmission micro-grids (87% transmission,

from Buckbee Mears, St. Paul, MN, USA) to flatten the electrical field lines. The

newest optics was built without grids to avoid surface induced fragmentation of

the primary ions on the grids. A schematic of it is shown on Fig. 3.2.1. Dimensions

are proportional to the real set-up. If necessary, deflection plates could be mounted

for both vertical and horizontal directions. In that case, "E" was removed and

replaced by two parallel electrodes: one grounded and the other one connected to

the high voltage. The second pair of plates was placed after "F".

Laset

B C D E !<'

7 cm

Fig 3 2.1 Second ion optics utilized in our TOF Vie electrodes were gndless. (A) probe tip; (B) repeller
electrode set at the highest voltage, (C) extractor electrode, set at intermediate voltage; (D), (E), (F)

electrodes set at giouticl (G), (Fl) isolating spacers, made out ot Macor'J, (1) plastic isolating 'wash¬

ers
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The sample holder "A" was introduced in a pre-vacuum chamber where the air

was evacuated with a two-stage mechanical pump and then pushed to contact

the repeller inside the flight-tube. The surface where the sample was deposited

was a disc of about 3mm diameter.

3.2.3 The laser and the data acquisition

The UV-laser (LSI, MA, USA, Model VSL-337ND) had the following specifica¬

tions: emission at 337.1 nm, 3 ns pulse duration, maximum pulse energy of 250 pj

and a repetition rate up to 10 Hz. The laser was directed into the vacuum chamber

with three dichroic mirrors. The beam was focused with a lens (f=50 cm) and the

energy density could be reduced with an iris. Part of the non-reflected beam was

detected behind the first mirror with a photodiode (model 210 / 579-7227, Thorlabs

Inc., NJ, USA) and used to trigger the digital oscilloscope (Lecroy, Model 9420,

350 MHz, 10 ns per sample). Recently we purchased a faster oscilloscope (Lecroy,

Model 9350C, 500 MHz, 1 ns per sample), necessary when using delayed extrac¬

tion.

The signal coming out of the detector (microchannel plate or else) was generally

amplified with a pre-amplifier (model 322-1-B-50, Analog modules Inc., FLA, USA)

and fed into the scope.

The laser itself was triggered from the PC (486) or from an external trigger pulse

generator. The computer was connected with GPIB (IEEE Standard) cables to the

oscilloscope to download the signal. Data signal averaging, smoothing and treat¬

ment were performed directly on the computer with the tools contained in the

Hewlett-Packard software (G2025A Software A.02.01-TEEE).
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Fig 322 MAEDI101 instiutmnt ofZittiih Vu difhient paits aie descnbcd below

1) 2 m time-of-flight tube equipped with a central valve

2) Front pumping system diffusion pump/mechanical pump

2') Back pumping system, turbomolecular pump/ mechanical pump

3) Two-stage ion-optics, the "Repeller" is at the highest voltage and contains

the probe holder. The "Extractor" is at intermediate voltage, and is fol¬

lowed by a grounded electrode

4) Reversible high voltage power supplies used for ion acceleration

5) MicroChannel plates detector

6) High voltage power supply

7) UV-Nitrogen-laser (337 nm)

8) Dichroic UV-mirrors

9) Photodiode

10) Focusing lens

11) Low voltage power supplies (12, 24 V) and laser trigger generator

12) Digital oscilloscope

13) Personal computet
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3.3.4 Delayed extraction

Delayed extraction was used for some experiments. It consisted of a time delay

generator and of a fast high voltage switch that changed the repeller voltage from

the intermediate voltage (equal to the extractor voltage) to the highest voltage

(typically from 21 kV to 25 kV). The electronics were built in our laboratories by
A.L. Weissberg. It was designed for positive voltage polarity. It contained a fast

transistor switch (model HTS 81, Behlke, Germany). The total switch rise time

was 9 ns. The schematics of the two parts are shown in Fig. 3.2.3 and 3.2.4.

Ihghpowei voltage
supply
max 0 4 mA

5 000 V

FTighpower voltige
supp I)
niA 0 1mA

+21 000 V

Fig. 3 2.3: High voltage transitai sunk h used foi delayed extuntum Adapted with permission [AL

Weissber^]
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Fig 324 Time delau geneiatot used tot delayed extinction lite tunc delay (ould be adjusted between j ns

and I us Adapted with pet mission IA 1 Wi i^beiy]
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3.3 The IPD and the IEPD

The IPD (Ion-to-Photon Detector) was developed first. The IEPD (Ion-to-Electrons-

to-Photons) is a modification of the IPD. They both used the same head-on photo¬

multiplier encapsulated in an anodized aluminum box. This box isolated the de¬

tector from the outside light.

The photomultiplier and its shielding box were mounted on a flange (CF-150)

containing a 4 cm diameter hole. In this hole, an acrylic transparent window was

introduced. The vacuum tightness was obtained with an O-ring.

The voltage distribution on the photomultiplier was as proposed by the manufac¬

turer (Hamamatsu) and is depicted in Fig. 3.3.1. With this resistance and capacitor

chain, a suitable detector time response is obtained (3-4 ns). A modified set-up is

also proposed bv Hamamatsu for a better resistance to signal saturation, to the

detriment of the detector time response.

T3
O

T3 -a

o
-a
o

T3

—VVYMA/YM/VVM/VvM^
R, R R„ R R_

R
v i^_

C

TS

"3
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-a

anode

R, R, % Rai

Fig. 3.3.1: Voltage division of the photomultiplier We used Rf=200 kü, R2-R11=100 k£2, Cl-C4=0.1 yF

On the IPD and IEPD, the organic scintillators were deposited on a transparent

substrate (quartz or plastic window). Csl or the commercial scintillators were sim¬

ply mounted as bulk materials. The scintillator and post-acceleration system were

fixed on the detector flange in front of the photomultiplier as shown in Fig. 3.3.2.

A schematic view of the ensemble is shown on Fig. 4.3.1 of Chapter 4.
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Fig. 3.3.2: Drawing of the post-acceleration optics of the IEPD with the flange. Dimensions are given in

mm.

The IEPD consisted of a plastic scintillator plate (1 mm thick) held by a metallic

ring, as shown in Fig. 3.3.2 (1). In front of it, two metallic rings (2 and 3) were used

to delimit a field-free-region in front of the scintillator. Ring (4) was made out of

plastic (Polyvinyl chloride, PVC) and was electrically isolating. The conversion

dynode (5) was screwed on the metal ring (6). In some cases, an additional ring,

covered with a 95% transmission copper grid (7) was fixed in front of the conver¬

sion ring. In between was a plastic ring (8). Voltages were brought into the cham¬

ber by two high voltage feedthroughs (9) (Lemo, model FFA.3S). The transparent

Plexiglas® window (10) separated the vacuum chamber from the atmospheric pres¬

sure. The head-on photomultiplier was mounted behind it.
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Chapter 4.

4. Ion-to-Photon Detectors

With the development of modern ionization methods such as MALDI, very large
molecules can now be transferred from the condensed phase to the gas phase and

ionised for mass spectrométrie analysis L As mentioned in Chapter 2.3.2, the de¬

tection probabilities in TOF mass spectrometers equipped with SEM detectors

drops for large ions. This is due to the fact that the ion velocities become too small

to efficiently produce the secondary electrons that are eventually detected. Thus,

the search for a detector with improved efficiency for slow moving particles is

still a challenging task.

In an attempt to contribute to that search, we have developed an ion-to-photon
detector. It detects the light produced by ions impinging on a scintillator surface.

In this chapter, two devices will be presented and tested to verify if they could be

of interest for the common MALDI user in terms of usability, mass resolution, and

high mass detection. In the first device, the Ion-to-Photon (IPD), the ions impact

directly on the scintillator and create photons that are detected by an external

photomultiplier. The construction is very simple and, as will be shown, sufficient

for many applications. Fhe second set-up includes an additional conversion step:

the primary ions are transformed into secondary particles (electrons and ions)

that arc then accelerated to the scintillator. This second construction will be called

the Ion-to-Electron-to-Photon-Detector (IEPD). It needs an additional high volt¬

age generator but proved to be very efficient in detecting bio-molecules.

4.1 The scintillation effect

Scintillation is a general term to describe the processes by which a molecule, ex¬

cited by highly energetic particles or quanta, emits light during its de-excitation.

In organic scintillators, this is mainly due to fluorescence 2. The incident particle

energy is consumed by ionization and excitation of the scintillator material. Only
a small fraction is effectively transformed into light emission, the rest being liber-
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ated by heat and other non-radiative processes.

Scintillators are used in crystalline form, liquid form (dissolved in a solvent),

plastic form (embedded in a solid matrix), and even in gas form (see Ref. 2 for

an introduction to organic scintillators). They are not always present at large
concentrations. For example, some liquid scintillators are prepared with only
10" M of the active material. Even at such low concentrations, the technique is

efficient. Why? Ageno et al. 3> * showed that the energy in organic and liquid
scintillators is transferred over distances of up to a few millimeters in the bulk

of the scintillator. To explain this energy transfer, two main models have been

proposed: the nonradiative transfer and the radiative transfer. In the

nonradiative transfer model, the energy of an excited molecule is given to a

neighboring molecule. The process is repeated. This model is also known as

the "exciton migration" model. According to the radiative model the energy

transfer occurs by the re-absorption of a photon emitted by a first molecule

further in the bulk. Also called the "photo-cascade" theory, this model was

introduced by Birks 5.

The scintillation efficiency of a material is usually given by its efficiency rela¬

tive to a reference material. An anthracene crystal is frequently chosen as the

reference. In Chapter 4.2.2, the scintillator efficiencies relative to anthracene

will be given.

Scintillators are used in many applications. They are, for instance, frequently
utilized to measure radioactivity 6. Liquid and solid preparations are normally
used for this purpose. The liquid preparation is more sensitive and is often

3 14
preferred to measure, for instance, the low energy ß emitted by H or C. In

a typical experiment, the sample and the dissolved scintillator are mixed to¬

gether. Surrounding the container, a photomultiplier system detects the light

emission, which intensity is proportional to the radioactivity. Other radiations,

such as a, y, and X-rays, can also be detected with similar techniques. Solid

scintillators are, for instance, used in X-rays diffraction experiments (in phys¬
ics and in medicine).

Scintillators are also used m scanning electron microscopes to monitor the

image of the sample or to adjust the electron beam position and intensity. In

nuclear physics, giant scintillation detectors are used to detect neutrino and

other particles.
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4.2 The IPD

4.2.1 The IPD set-up

The set-up of the IPD was designed to collect a large fraction of emitted photons
(ca. 20%, see Chapter 4.2.2), by placing the photomultiplier tube (PMT) directly
behind a large area conversion surface. The commercial head-on PMT

(Hamamatsu, model R2154-02, 2" diameter, 26% max. quantum efficiency at 380

nm) was mounted, as shown m Fig. 4.2.1, in the center of the end flange, on the

ion beam axis. A transparent acrylic vacuum window enabled the PMT to be op¬

erated at atmospheric pressure. The conversion of ions to photons was achieved

at the end of the time-of-flight tube using a piece of window glass coated with the

conversion material.

=1000 mbar

Tons 2

Conversion

Material

**** Signal out

Acrylic window

Glass plate

Figure 4.2.1. Schematic of the IFD. The head-on photomultipliei is mounted in the center of the endflange
ot the TOF and sepat ated ft oui the vacuum by au m t yltc window 1 he scintillator is deposited on

a plate in ft ont of the photoimiltiplui

4.2.2 Scintillators

Several ion-to-photon conversion materials were investigated in these experiments,
and large differences m photon yields were observed. In contrast to many of the

applications m physics that often use the dissolved materials, solid films of the

pure compound were used.
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Butyl-PBD POPOP

Anthracene

BBOT

Figure 4.2.2: Chemical structures and trivial names ot some organic scintillators.

The following compounds were tested: 2-(4-t-Butylphenyl)-5-(4-biphenylyl)-

1,3,4-oxidiazole (Bu-PBD), 2,5-Bis(5'-tert-Butyl-2-benzoxazolyl) thiophene

(BBOT), 2-(4'-Biphenyl,l-6-phenylbenzoxazole) (PBBO), and Rhodamine B. The

chemical structures of some of those molecules are shown in Fig. 4.2.2.

Non-organic materials were also tested including plain glass, acrylic plastic,

Csl, and sapphire. These samples were mounted as bulk materials. Commer¬

cial inorganic phosphor materials were also investigated. We tested in par¬

ticular two samples from the Levy Hill Laboratories (20 mm diameter, Stan¬

dard and Aluminized discs, coating: P47). A piece of NE102A and BC-404, two

commercial plastic scintillators, were also tested.

The fraction of light collected by the photomultiplier was estimated by excit¬

ing the scintillator with laser pulses and measuring with a pyroelectric detec¬

tor the light emitted in the front and in the back of the scintillator at symmetri¬

cal positions (Fig. 4.2.3). A UV cutoff filter was placed directly in front of the

detector to remove the reflected laser light. Assuming spherically symmetric

emission, we found transmission values ranging between 20 and 85%.
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Detector B

Figure 4.2.3: Set-up used to estimate the fraction of the scintillator light transmitted vs. reflected. The

sample was irradiated rath a yi2-laser The amount of emitted light (usually blue) was measured

with pyroelectnc detectors (detector A and B) at symmetrical positions. Vie N2-laser wave¬

length was removed with a UV-cutofffilter

The light transmissions for some scintillators, as well as their specifications, are

shown in Table 4.2.1 (From Refs. 2, 7, 8).

Table 4.2.1: Specifications ofsome scintillate; s

Light output Decay time Wavelength % Transmitted

(% anthracene) his] of max. emission

[nm]

to the photo¬

multiplier

BBOT 30 1.6 432 20

NE102A b5 2.4 423 85*

BC-404 68 1.8 408 45

Bu-PBD 51 1.2 368 .

Csl @ 70 K 500 600 400 -

Anthracene 100 30 448 -

The NE102A was coated with a 40 nm thick layer of aluminum to reflect photons
emitted in the direction opposite to the photomultiplier. Only electrons could pen¬

etrate the aluminum at the applied energies. All heavier particles were stopped in

the metal laver.
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Unlike Sullivan et al. 9, substantial variation in the ion-to-photon conversion effi¬

ciency was observed due to the different materials. Although Csl is known to be a

good ion-to-photon converter, some organic scintillators were found to be more

efficient. Bu-PBD 10
was qualitatively found to give the highest photon yield of all

tested materials in these experiments. A quantitative approach to comparing the

photon yields will be presented in Chapter 4.2.9.

4.2.3 Scintillator layer preparation

Organic scintillators, such as BBOT and Bu-PBD, were obtained as powders. To

prepare the scintillator film, we usually sprayed a solution of the material onto

the glass plate using an air brush (Fig. 4.2.4).

Figure 4.2.4: Air-nebulizer utilized to deposit a fine and homogenous layer of the organic scintillator onto a

glass plate

Fligh macroscopic surface homogeneity could be obtained with this technique so

that the signal intensity will not be affected by the position where the ion package
hits the glass. The homogeneity of the sprayed layer was dependent on the scin¬

tillator material and on the solvent used to dissolve it. Bu-PBD was, for instance,

an efficient compound but the surface layer was difficult to prepare. Instead of

flat surface, it formed long and fine needles.

The solvent also affected the quality7 of the surface. In addition to dissolving the

scintillator, the air-spravmg technique requires that the solvent evaporates quickly
when deposited on the glass plate. Otherwise droplets are formed resulting in

inhomogeneous samples. The optimum solvent for many scintillators, such as

Bu-PBD and BBOT, was chloroform. If the glass on which the material is depos¬
ited is heated (~60-80°C), other solvents such as methanol were successfully used.
The surfaces that resulted were very similar.
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4.2.4 Surface charging on the scintillator

Surface charging on the scintillator was suspected to be one reason for signal loss:

the charge accumulated on the conversion surface may repel and deflect the ion

packages away from the active detection area. In other words, the large ions arriv¬

ing on the converter after the matrix ions would be detected less efficiently. To

investigate this possibility, two identical scintillator samples (Levy Flill Laborato¬

ries) were used, differing only in their surface. Both were deposited on glass, but

one was coated with a 5 nm layer of aluminum on the top of the film. This latter

sample was connected to ground. The surface resistance was measured to ensure

sufficient electrical conductivity of the alummized surface, because aluminum

may become oxidized, forming non-conductive A^O^. A resistance of 40O was

found across the 2 cm diameter of the aluminized disc. The non-aluminized sample

had a resistance higher than 10 Mn. MALDI time-of-flight measurements showed

that no significant improvement was obtained when grounding the scintillator,

indicating that surface charging was not affecting our measurements negatively.

4.2.5 MALDI instrument &c sample preparation

All experiments were carried out in Zurich with our 2m linear TOF previously

described in the experimental part of this work (Chapter 3).

BothMCP and IPD detectors were mounted on interchangeable flanges. The change
of detectors could be achieved relatively rapidly (1-2 hours) due to an indepen¬
dent pumping system for the detector region. The same amplification and data

processing electronics were used in both cases.

Substance P, ubiquitin (from bovine red blood cells), eytochrome-c, Thyrosine-6

((Tyr)6), and human insulin were purchased from Sigma (Buchs, Switzerland).

Bovine serum albumin (BSA), ferulic acid, 2,5-dihydroxybenzoic acid (DHB), and

trifluoroacetic acid (TEA) were obtained from Fluka (Buchs, Switzerland). Chemi¬

cals were used without further purification.

Peptides and proteins were dissolved in 7-propanol/ water/TEA (50/50/0.1 by

volume). Ferulic acid (in z-propanol/ water /TEA) was used as a matrix. Matrix

and analytes were mixed in 1000:1 to 10'000:1 ratios, and 1.5 pi of the solution

were deposited on the probe tip and allowed to air dry. (Tyr)6 samples were dis¬

solved in water with DHB as a matrix
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4.2.6 Mass resolution, comparison with MCPs

In this qualitative comparison, the mass resolution of the IPD will be compared to

that obtained with a pair of MCPs,

Resolution is an important criterion for detector performance. Fig. 4.2.5 shows

MALDI mass spectra of the (Tyr)6 (poly-thyrosine) sample, measured with the

IPD and with the MCP. The highest possible resolution m both cases was achieved

by adjusting the laser power. The calculated mass resolution (M/AM, AM= full

width at half the maximum of the peak) is about 370 when measured with the

MCP and 310 with the IPD. This small difference can originate from many param¬

eters. In particular, a small angular inclination of the MCP or the IPD from the ion

beam axis is enough to degrade the resolution dramatically (for a 1000 Da ion

with 24 keV energy, a difference of 0.5 mm m flight distance corresponds to a

flight time difference of ca. 7 ns and to a mass shift of 0.5 Da).
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Figure 4.2 5 MALDI mass ^patta (moletulai icgion) of the (Tyi)b(inatn\ DHB, 100 shots) The lower

panel spectrum ions measured with the IPD (Bu-PBD) and the upper unth the MCP Resolution

obtained with the IPD U0: znth the MCP 370
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Despite this limitation, the fundamental time resolution of the IPD can be esti¬

mated. For this purpose, we assumed that the lifetime of the ion-induced lumi¬

nescence is on the same order as the fluorescence lifetime of the material in solu¬

tion. Fluorescence lifetimes of Bu-PBD (in toluene solution) were measured by
Anderson n to be around 1 ns, Due to the roughness of the surface, differences in

ion flight times up to 1 ns can be estimated. The intrinsic response time of the

PMT used was 3.4 ns. The fundamental time resolution of the whole system is the

convolution of all these parameters and was calculated to be less than 4 ns, suffi¬

cient for many linear TOF measurements. For comparison, MCPs can achieve,

under optimum conditions (impedcnce matched anode, preamplifier and oscillo¬

scope inputs), a time resolution on the order of 100 ps J2. The electron amplifica¬
tion with discrete dynodes in our PMT is therefore the limiting factor for the time

resolution of the whole photon detection system. If a faster detector is needed,

then a MCP-PMT (rise time of 150 ps), where the electron amplification is achieved

with the MCP, could be used instead. These detectors are however expensive.

4.2.7 Signal intensities and signal-to-noise ratios

MALDI mass spectra of substance P with ferulic acid as a matrix are shown in Fig.
4.2.6. The spectrum in the upper panel was measured with the standard MCPs

whereas the lower one was taken with the IPD. It can be seen that both spectra

look very similar, proving that the IPD system is fast and sensitive. The same

external amplification system was used in both cases. The areas of the two detec¬

tors were equal. All experimental parameters were kept as constant as possible,
the laser intensity, ion acceleration potentials as well as the chamber pressure were

identical. The same sample was used for t>oth experiments.

In Fig. 4.2.6, the IPD spectrum had to be multiplied by 4 to obtain comparable
absolute peak heights. As already mentioned, the absolute intensities obtained

with a transient recorder system strongly depend on the secondary electron am¬

plification and therefore on the voltage at which the detector is operated. In many

cases, the signal-to-noise ratio is a good way to compare detectors. In Fig. 4.2.6, a

signal-to-noise ratio of 600 was found for the upper trace (MCP) and 100 for the

lower trace (IPD).

Larger ions can also be successfully detected with the IPD. In Fig. 4.2.7, a MALDI

spectrum of a high molecular mass sample is shown, measured with the MCP

and the IPLX Bovine serum albumin (BSA, 67'000 Da), was readily detected with

the IPD. Conditions were adjusted in both cases to reach the highest mass resolu¬

tion. The laser power and thus the number of ions were found to influence the
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noise intensity, especially with the IPD. From these findings, we suggest that part

of the noise may be due to slower unfocused ions created after the initial desorp¬

tion event and arriving at the detector with a very large time distribution. Such a

phenomenon was also observed by D. Twerenbold [personal communication].

The signal-to-noise ratio was 50 and 17 for the MCP and the IPD, respectively.

Absolute signal intensities are, however, comparable.
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Figure 4.2.6: MALDI mass spectra of substance P (mntra: ferulic acid, 100 shots). The upper spectrum was

measured with the MCP and the lower with tfte IPD (Bu-PBD). The same laser power was used

in both cases.

From these findings, we concluded that the IPD is a rapid device that can detect,

with large absolute intensities, molecules as large as BSA. By comparison with the

MCP, the signal-to-noise ratio was found to be decreased. In an attempt to in¬

crease this ratio, ion post-acceleration was investigated.
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Figure 4.2.7: MALDI mass spectra of BSA ( matt n fet ulic acid; 100 shots). The lower panel was taken with
+

hie IPD (Bu-PBD) and the uppei with the MCP of the same sample. M represents the singly

charged molecular peak and M~ ,
the doubly charged

4.2.8 Ion post-acceleration

As in the case of secondary electron detectors, the IPD would benefit from larger

ion energies. This can be obtained by increasing the voltage in the ion acceleration

optics of the TOF. However, this method has several disadvantages: the flight
times are reduced, necessitating faster sampling recorders, detectors and electron¬

ics. The risk of electrical discharges in the ion source is also increased. The second

alternative is to post-accelerate the ions just in front of the detector. This is fre¬

quently done in MCP assemblies. A voltage difference of a few kiiovolts is ap¬

plied between the front grounded grid and the surface of the first MCP. The in¬

creased ion energy improves the signal intensities. An additional effect is the fact

that secondary particles sputtered from the grid are also accelerated to the detec¬

tor and in turn create additional secondary electrons. The post-acceleration is,

however, limited for MCPs. In fact, MCPs are fragile devices and any electrical
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discharge must absolutely be avoided. In practice, they are typically floated at 5

kV in relation to the ground. The IPD, in contrast, is more robust and does not

suffer if the scintillator is subjected to minor arcing.
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Figure 4 2 8' Effect of ton post-acceleration. The +22 keV substance P ions were post-accelerated m the IPD

onto the BBOT scintillator The normalized substance P intensities are shown as a function of
the additional post-acceleration voltage and the total ion energy The error bars correspond to the

standard deviation uihulatedfwm 150 shots

A BBOT layer deposited on a transparent plate was used as scintillator for the

following investigations. It was covered with a 95% optical transmission copper

grid that was held at high voltage. A grounded metal ring was placed in front of

this system. Fig. 4.2.8 shows the effect of additional ion energies on substance P

signal intensities (mass 1347 Da). The initial ion energy was 22 keV. As it will be

described in more detail m Chapter 4.3, all detector signals were normalized to

the values obtained with an additional detector (a Faraday collector) to minimize

the fluctuations in the amount of ions created at each laser pulse. Each experi¬

ment was integrated for 150 shots to improve the signal-to-noise ratio. Clearly the

increase in intensity with post-acceleration is large. 15 keV additional energy which
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corresponds to an augmentation of 70% compared to the initial 22 keV, improves

the peak intensities by about a factor of 18. The mass resolution change was only

minor.

It is known that the photon yields for electrons or small ions impinging on

scintillators increase quasi-linearly with the ion energy (see for instance Refs. 13,

14). The increase with ion energy in our data is surprisingly high. This behavior

may be due to the fact that the electrical field in the post-acceleration region re¬

pels secondary sputtered ions back to the scintillator and may increase the ion

signal intensity. To test this, we compared the normalized IPD signals obtained

for the same ion total energy but distributed differently between the initial- and

the post-acceleration. We found that IPD signals of ions with 20 keV initial kinetic

energy and 2 kV post-acceleration were about the double that of signals obtained

with 22 keV and no post-acceleration. A precise comparison of the intensities was,

however, difficult due to the fact that the Faraday signal might also be dependent

on the initial ion kinetic energy. Post-acceleration of the ions and the subsequent

secondary particles were still found to be more efficient than increasing the initial

kinetic energy. A further advantage of this technique is that the ion initial energy

can be reduced and compensated at the end of the time-of-flight. Slower transient

recorders can therefore be used.

4.2.9 Quantitative comparison of IPD vs. MCP

In this chapter, the efficiencies of both detectors were quantitatively compared.

As discussed in Chapter 2.4, transient recording techniques are not the method of

choice for such measurements, principally due to the fact that the signal outputs

are strongly dependent on the amplification power of the SEM. To study the con¬

version of ion into photons more carefully, single event counting methods were

therefore used.

4.2.9.1 The plasma desorption source

Although single ions could, in principle, be produced with MALDI by reducing

the beam size with skimmers 15' 16< 17, this is impractical since the laser has a rep¬

etition rate of <-J0 Hz. In addition the signal is not sufficiently stable, due to sample

depletion and shot-to-shot intensity fluctuations. Plasma desorption/ionization

(PD-MS)18 was preferred and used to provide a low, constant ion production rate

so that single event counting techniques could be utilized (Fig. 4.2.9).
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Figure 4.2.9. 3LCf plasma desorption ion souicc A diop of -J-Cf is pasted on a Ti foil. Fission fragments

are produced in pair and at 180
" One reaches the analyte deposited on a mylarfoil and ionizes it.

The other fragment impacts a foil and is louvci ted into electrons. The electrons arc then detected

In/ a pair of MCPs to give the start signal

In PD-MS, ions were produced by the impact of fission fragments of 252Cf decay

onto the sample, while the oppositely directed fragments from the same decay

process were detected by a MCP, and used to start the time measurements. The

start rates were approximately 1000 s_i. The sample was deposited on an alumi-

nized Mylar foil that was held close to the 2j2Cf source at up to 24kV with respect

to the grounded grid of the one-stage acceleration optics.

PD-MS is not a very soft ionization method so that fragments are often observed

in the mass spectra. The upper ion mass limit is in the order of lO'OOO Da. Due to

poor ionization efficiencies, large molecule signals have to be integrated for many

hours to reach an acceptable signal-to-noise ratio.

4.2.9.2 PD mass spectrometer and data acquisition

The experiments were carried out m Paris on a linear time-of-flight (TOF) with a

field-free region of 72 cm and one-stage acceleration optics. As seen in Fig. 4.2.10,

ions were produced by a 2n2Cf plasma desorption source (PD-MS).
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Figme 4.2 10 2^2q pjj Pneai time-of-flight mass ^pattometet equipped with MCP and IPD dctectois

Vie foi met can be moved in font of the IPD Data acquisition was performed m single ion

counting mode with a tune to digital t onvo fet

The ion-to-photon detector (IPD) was placed on the end flange of the flight tube.

The two MCPs (Galileo Corp, MA, USA, Standard MCP Set 40 mm, type S40-10-

D-SET) were mounted m a Chevron configuration on a mobile holder that could

be moved directly in front of the IPD without breaking the vacuum. In contrast to

the experiments carried out m Zunch, the MCP assembly m Paris was gridless.

The surface of the MCP exposed to the ion beam was grounded whereas the col¬

lector was held at a high positive voltage The output signal was capacitively

coupled to the electronics. Fhe total voltage applied to the MCPs was divided

equally between the first, second plates and the collector The maximum voltage

recommended bv the manutactuier is IkV per plate. The difference m flight dis¬

tance between the IPD and MCP detector was about 5 cm. The working area of

both detectors was the same, with a diameter of 4 cm

The single event counting experiments were performed with a time-to-digital con¬

verter (TDC, Model CTN2, IPN Orsav, France) The system is described m more

detail m Refs 17 19 The start signals were obtained bv using the complementary

fission fragments of 2^2Ct impacting on a electron conversion foil. These electrons

were accelerated and detected by a second pair of MCPs (MCP start on Fig. 4.2.10).
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The output signals went through a constant fraction discriminator (CFD, Model:

Enertec-Schlumberger 7174) to give the start pulse.

The detector output signal, either coming from the MCP or the IPD, was also fed

into a second CFD and used as the stop signal. The CFD delay was optimized

separately for both detectors by comparing the count rates obtained with the same

sample and with the same rate of starts. The CFD delay for the IPD was found to

be greater than that for the MCP. This is expected due to the larger intrinsic pulse

width of this device compared to the MCP (nominally 3 ns for the PMT and <1 ns

for the MCP).

The CFD thresholds for both CFDs were set at their minimum value of 7 mV in

order to obtain the maximum ion count rate.

The start/stop time difference was digitized at 500 ps/channcl with a time-to-

digital converter and transferred to a direct memory increment card installed in a

personal computer. Acquisition times were adjusted to reach a reasonable peak-

to-background ratio in the TOF mass spectra and were typically between some

minutes for Csl to several hours for insulin.

4.2.9.3 Sample preparation

The following chemicals were purchased and used without further purification:

luteinizing hormone releasing hormone (LF1RH, mass 1182 Da), human insulin

(5734 Da), penta-L-phenylalaline (Phe-, 754 Da) from Sigma (Buchs, Switzerland),

nitrocellulose from Bio-Rad Laboratories (Richmond, CA, USA), and Csl from

Fluka (Buchs, Switzerland).

The PD-MS samples were prepared as follows: Csl samples were electrosprayed

directly on the Mylar foil, whereas heavier molecules such as Phe5, LHRH or in¬

sulin were deposited from solution onto Mylar which had been previously coated

with electrosprayed nitrocellulose 20.

4.2.9.4 Setting the detector ivorking conditions

The amplitude of the signals delivered bv both detectors depends on the voltages

at which they are operated. The gain of MCPs increases exponentially with the

applied voltage 12. Following photoelectric emission at the cathode, photomulti-

pliers are also secondary electron multipliers and show similar dependence on

the voltage. It was therefore important Lo determine the optimum operating con¬

ditions for both detectors.

To be sure that the maximum number of events is detected, the optimum electron
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amplification conditions for both detectors were researched. This optimum is

reached when every detector output signal has an intensity above the discrimina¬

tor level. The count rate vs. voltage applied on the IPD's photomultiplier is shown

in Fig. 4.2.11, for Cs' and Cs9I+ ions emitted from Csl sample. The CFD threshold

was held constant. The curve reaches a plateau at about -1.3 to -1.4 kV for both

ions. Above this detector voltage the ion detection efficiency does not increase

further. Therefore, for 22 keV ions, the maximum photomultiplier detection effi¬

ciency is reached. Other impinging ions showed the same behavior. As a result,

the photomultiplier voltage was set at -1.55 kV for the rest of the experiments.
This value was found to give the best signal-to-noise ratio.
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Similar experiments were performed with the MCP to find the detector voltage at

which the output signals of the MCP are higher than the dicrimmator voltage

(detection plateau). Fhe same procedure was followed as for the IPD. The opti¬

mum voltage was found at 900 V across each MCP This value was applied during
the remaining single event experiments. The MCPs were new. It is known that the

gain ot MCPs rapidly drops during the initial period of utilization. Therefore, this
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test was made several times during the measurements to verify that the MCP

voltage still corresponded to the initially measured detection plateau.

4.2.9.5 Quantitative comparison of the scintillator efficiencies

In our previous work,2i described in Chapter 4.2.2, direct comparison of the scin¬

tillator efficiencies was difficult. The difference in photon yields could not be eas¬

ily distinguished from MALDI signal fluctuations. A qualitative observation led

to the conclusion that Bu-PBD was one of the best materials tested when prepared
with our methods. With single ion counting technique, more quantitative mea¬

surements are possible.

In these experiments, the various scintillators were bombarded with the same

number of ions. The measured count rates showed little dependence on the iden¬

tity of the impinging ion and the projectile mass dependence was the same for all

scintillator materials studied. The count rates obtained from two glass plates cov¬

ered with the same scintillator were identical. In Table 4.2.2, the efficiencies of the

scintillators investigated are shown, relative to the BBOT efficiency. Bu-PBD has

the highest efficiency (120 %). An even larger relative efficiency is expected from

Table 4.2.1. This difference is likely due to the Bu-PBD emission wavelength. At

around 370 nm, the maximum emission wavelength of Bu-PBD, some light was

absorbed by the plastic window in front of the photomultiplier and the detection

efficiency is decreased. BBOT has also a rather high light emission efficiency. In

addition, it exhibits a high vacuum stability and films can be easily fabricated.

Therefore BBOT scintillators were used for the remaining investigations. Surpris¬

ingly, anthracene was found to be less sensitive. It also has the additional disad¬

vantage of a high vapor pressure and therefore a short lifetime of few hours in

vacuum. A piece of NE102A, a standard commercial plastic scintillator, was cut

from a sheet of 1 mm thickness and placed directly in front of the photomultiplier.
The resulting ion sensitivity is very poor. It is thought that this is mainly due to

the large dead layer of the material. Box et al. 22 estimated that the first 5-15 urn

layer is oxidized and does not fluoresce efficiently. The penetration depths of large
24 keV ions are in the 10 nm range, explaining the low emission yield. For this

same reason and also because of the large dilution of the active compound into an

inert material, all the attempts to embed organic scintillators in a polymer matrix

were not successful.
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Table 4.2.2: Relative efficiencies ofsome scintillators used in the IPD

Scintillators Relative efficiencies

BuPBD 120 %

BBOT 100%

POPOP 70%

Anthracene 30%)

NE102A 5%

4.2.9.6 Projectile energy dependence

One important parameter determining the efficiencies of the detectors is the ion

kinetic energy. This is shown in Fig. 4.2.12 which displays count rates observed

with both detectors for various impinging ions as a function of the ion energy (the

ion energy can be changed by changing the acceleration voltage).
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The count rates increase with increasing energy and, in the case of the MCP, reach

a plateau, indicating that the maximum possible efficiency was achieved. For H+

ions the maximum efficiency is reached at energies below 10 keV with a MCP

detector. This means that H+ ions with E > 10 keV produce at least one electron
kin

when entering one of the MCP channels. For the IPD, a plateau is not reached,

except in case of Tl+ ions with E > 20 keV Higher acceleration energies could
km

not be used in this instrument due to risks of electrical discharges.
'Fhe maximum efficiency was not obtained with the IPD for heavier molecules,

even for the highest ion energies. Consider the CsH+ cluster in Fig. 4.2.12b. The

MCP count rate reaches a plateau at ca. 12 keV whereas the IPD count rate in¬

creases over the whole range of ion energies. Similar results were found with

heavier molecular ions. Fig. 4.2.12c shows the results obtained with LHRH. It can

be concluded that the MCPs detection efficiency for 20 keV ions is at its maximum

for masses up to 1000 Da (LHRH).

4.2.9.7 Secondary photon and electron yield dependence on mass

To study the photon production as a function of the primary ion mass at a given

energy, ions with various masses (LHRH, Phe
,
insulin and some of their frag¬

ments) were measured with both detectors in single ion counting mode. The

samples were prepared on Mylar-nitrocellulose substrates as described above,

and the total acceleration voltage of the positive ions was set to 22kV. After mass

calibration, the integrals of the parent and a number of fragment ions were deter¬

mined. The ratio of the count rates for the IPD and the MCP is reported, with no

further treatment in Fig. 4.2.13.

Figure 4.2.13a is a comparison of the detector counting efficiencies. It is seen that

the IPD/MCP count rate ratio drops rapidly with mass. The very light ions (H+,

H +, etc.) are detected with similar efficiencies for both systems, whereas the IPD
2

insulin count rate is only 4% of that found with the MCP. Insulin is the largest ion

that was produced with PD in this investigation. Due to the poor PD ionization

efficiency and the poor response of the IPD for large molecules, the signal was

integrated over 14 hours. The change in the IPD over MCP count rates is more

pronounced between 1 and ca. 1000 Da than for molecules ranging from 1000 to

6000 Da. As observed in Chapter 4.2.7 for similar ion energies, the IPD detector

gives good signals for molecules as large as 70'()00 Da. confirming that the IPD/

MCP ratio probably does not change much for larger ions, at least up to ca. 30'000

Da.
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It is also interesting to view the same data when plotted as a function of ion veloc¬

ity. As shown in Fig. 4.2.13b (linear scales) for a given energy, the IPD/MCP ratio

increases linearly with the velocity of the ions, except for very low velocities. It

can be noted from Fig. 4.2.13 that the value of the IPD/MCP ratio depends little

on impinging ion species but strongly on their mass and therefore velocity.
The results shown in Fig. 4.2.13 represent the relative responses of both detectors.

Another interesting point is to compare the initial conversion of ions into photons
vs. secondary electrons. This can be estimated by using the data from Fig. 4.2.13

and correct for various detector characteristics. As shown in Chapter 2.4.2, the

observed count rates are the product of the ion flux (dN/dt) and the conversion

yield of ions into either photons or electrons (Yconversj0n), the collection efficiency

^collection) an<^ tnc quantum efficiency of the detectors (QE).

The quantum efficiency describes the detection probability of the detector itself. At its

maximum, this value is, according to the manufacturer specifications, 26% at 380 nm

for the photomultiplier. In other words, 26% of the photons that reach the photomul¬

tiplier are detected. Tins value can approach 100% for an MCP12 (100% of the second¬

ary electrons entering a microchannel are detected). We used both detectors at their

maximum efficiencies (see above) and can therefore use these values in our estima¬

tion. Due to the inactive area between the channels, the MCP can only "see" about

60% of the ions reaching the detector 23. The collection efficiency for this device is

therefore taken to be 60%. For the IPD, we estimate that about 20% of the photons
created on the scintillator are emitted in the photomultiplier direction and are col¬

lected. The products (Y00r]ecüonQE) are 0.05 and 0.6 for the IPD and MCP, respectively.
The ion flux was kept constant during the measurements and therefore cancels when

the IPD/MCP ratio is calculated. The ratio of ion conversion into photons and the

conversion into electrons (Yœnveryon photans/ Yconversion electrons) is found by multi¬

plying the count rate ratios of Fig. 4 by a factor of 12 (=0.6/0.05). The results are

found in Fig. 4.2.13a on the right hand scale. For m/z up to ca. 150 and for 22 keV

energy, more photons are produced than secondary electrons, whereas the oppo¬

site is observed for larger masses. Insulin, the largest molecule measured in these

experiments, produces ca. 2 times more secondary electrons than photons. The

absolute number of photons could be calculated if the secondary electron yield on

the MCP were known. Using the values for ions impacting on Csl found in Refs.

17 and 24 one can roughly estimate that 22 keV LHRH creates 1 photon per ion.
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4.2.10 Has the IPD an ion number threshold?

From the curve shown in Fig. 4.2.13, it is surprising that the IDP used with MALDI

give such strong signals and is able to detect molecules as large as BSA (ca. 67'000 Da).

As an example, cytochrome-c (ca. 12300 Da) was not seen at all with the IPD using

PD-MS, whereas its detection was easy with MALDI. MALDI produces ions in pack¬
ets contrary to plasma desorption that creates mostly one ion at a time. One hypoth¬
esis is that the IPD is more efficient to detect ions when they are created in packets, or,

in other words, that the IPD lias an ion number threshold necessary for improved

detection. To study whether the number of ions reaching the detectors affects the

signal intensities differently for the IPD and the MCP, we compared their sensitivity

to ion numbers. This is difficult because the signal intensity fluctuation with MALDI

is large. To partially compensate tor this, measurements were alternatively taken with

both detectors. After a few laser shots, the signal was integrated and the detector

changed. This was repeated for several cycles.
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MCP and IPD alternately. The laser energy was varied with a variable density filter. At low

laser attenuation values, the laser energy is large, and at targe laser attenuation values the laser

eneigif is small. Lacli point corresponds to a new spot on the sample. Up to 4 shots were summed

per measurements Curve a) was obtained xvith the MCP at 850 V per plate, b) with the IPD at
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reduce the transmission down to 30l <.
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In Fig. 4.2.14, insulin was monitored with both detectors alternately and the laser

energy changed with a variable density filter. In MALDI the number of analyte
ions increases with the laser energy so that the curves shown m Fig. 4.2.14 can be

viewed as the detector signal amplitude vs. the number of ions impacting the

detector at the same time. This is obviously a qualitative plot since the relation¬

ship between the laser attenuation and the number of ions is not known.

The MCP output signal (b) increases with the number ot primary ions in a regular

way and reaches a nearly constant intensity value tor a large amount of ions (small

laser attenuation). The MCP was operated at a relatively high voltage, unfortu¬

nately increasing the probability of saturation. This plateau could therefore be

due to detector saturation or there could be a maximum in the number of emitted

ions vs. laser fluence. To verify that the MCP was not saturated at large laser

fluences, additional grids were placed in front of the MCP to transmit only 30% of

the initial beam. The resulting intensities are represented in Fig. 4.2.14 c). It can be

observed that the amplitudes obtained with the 30% transmission grids are also

about 30% of the MCP amplitudes without grids. It can be concluded that the

MCP is still in its linear regime. We therefore believe that the MCP was not satu¬

rated even at the highest laser fluence.

The IPD signal (a) behaves differently. Hardly any signal is seen for low laser

fluences. Above a certain pulse energy, the signal increases dramatically, as if there

would be an ion number threshold tor efficient conversion.

The threshold hypothesis was supported by the following experiment. Molecules

with various molecular weights (from ca. 1000 to 67'000 Da) were measured alter¬

nately with both detectors. The laser beam position was kept the same for each

sample. Again, after few shots with one detector (typically 2-4 shots) molecular

signal were integrated and the detector exchanged. This procedure was repeated
until the signal disappeared. It was observed that the MCP signal decreased much

less rapidly with the number of laser shots than that of the IPD. With cytochrome-

c, during the first 45 shots the MCP signal dropped 40%) whereas for the IPD the

decrease was as large as 85% (Fig. 4.2.15)

The MALDf IPD/MCP ratio as a tunction ot shot number was estimated, and

found to depend very strongly on how many shots had occurred. For example,
the ratio for cytochrome-c varies between 1.5 after 10 shots to 0.3 after 35 shots,

for a factor 5 difference. This phenomenon can also be explained in terms of the

number of ions reaching the detector. It is well known by MALDI users that the

signal from the first shots on a new spot is much more intense than afterwards.

More experiments would be necessary to confirm or refute this hypothesis. In

particular, similar experiments should be repeated at lower detector voltages to
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exclude all risks of detector saturation. Further experiments, where the number

of incoming particles is known, are also necessary. For that purpose, an ion gun

could be used (for instance a cesium source used for SIMS).
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Fig. 4.2.15: MALDI experiments with cytochroiue-c/CCA. Cytochrome-c intensities were monitored with

the IPD and MCP alternately. The laser urns kept on the same sample position during the whole

experiment. The laser shot number corresponds to the total amount ofshots that already illumi¬

nated the spot.

4.2.11 Conclusions on the IPD

Detection of photons created by the impact of ions on a luminescent organic con¬

version surface was shown to be a viable alternative to the usual secondary elec¬

tron multipliers for modern mass spectrométrie applications. The set-up proposed
here is inexpensive, easy to handle, and robust. Moreover, its operation is pos¬

sible under higher working pressures as the secondary electron amplification sys¬

tem is located outside the vacuum chamber. The resolution of small peptides (ca.

1000 Da) 'was found to be slightly worse than with standard MCPs. A fundamen¬

tal time resolution for the whole IPD system of less than 4 ns was estimated, lim¬

ited by the PMT, which is sufficient for standard linear TOF experiments. Analvtes
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up to 70'000 Da, ionized with MALDI, were detected successfully. The signal in¬

tensities were similar, the signal-to-noise ratios factors of 6 and 3 smaller with the

IPD compared to the MCTs for substance P and BSA, respectively. At higher mass

the absolute efficiency of the IPD appears to decrease. The implementation of ion

post-acceleration in front of the scintillator increased the ion signal intensities dras¬

tically.

An appreciable advantage of the IPD is that the electron amplification process is

achieved in the photomultiplier via a discrete dynode amplification chain. This

construction is known to be less susceptible to signal saturation than MCPs. This

is of importance for MALDI measurements, where the number of ions, particu¬

larly in the low mass range, can saturate the detector and noticeably reduce signal

intensities at longer flight times 25, A comparison between photomultiplier and

MCP saturation limits will be demonstrated in Chapter 4.3.6.

A quantitative comparison between the IPD and MCPs was achieved with single
event counting techniques. Ions were created using plasma desorption. With con¬

stant ion energy, the relative efficiency of the IPD for single ions compared to that

of the MCP was shown to decrease as the mass of the projectile increases. A linear

relationship was observed between this relative efficiency and the velocity of the

ions. The conversion of ions into photons relative to the conversion into electrons

was studied. It was found that 22 keV ions up to ca. 150 Da produced up to ten¬

fold more photons than secondary electrons. For larger molecules ranging be¬

tween 1000 and 6000 Da, 2 times more electrons are produced than photons. At

those masses, the amount of photons relative to the electrons is much less influ¬

enced by the sample molecular mass as it is for smaller masses.

We found some indications that the IPD may have an ion number threshold to be

efficient but this needs to be verified.

4.3 The IEPD

In Chapter 4.2, it was observed that the conversion of ions into photons was more

efficient for small ions than for larger ions. Signals of large ions would therefore

be enhanced if they were transformed into smaller particles, through sputtering

or fragmentation. For that purpose, a conversion dynode, placed in the ion beam,

was added to the IPD. The secondary particles created were accelerated to the

scintillator. The new configuration of the IPD, the IEPD, is essentially a modified

"Daly detectoi" 2(\ It has the additional possibility to detect not only electrons,

but also secondary ions of both polarities if necessary. This could be of impor-
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tance for heavy ions where the amount of secondary ions becomes more impor¬
tant compared to the secondary electrons 24' 27.

4.3.1 The IEPD set-up

The IEPD consisted of the same head-on photomultiplier (Hamamatsu, type R2154-

02) placed on the terminating flange and separated from the vacuum system with

a transparent window. The post-acceleration system was mounted inside the time-

of-flight tube. An exploded view of the set-up is shown m Fig. 4.3.1. The scintilla¬

tor was fixed on the metal ring (5). In front of it, rings (4) and (3) were held at the

same voltage and defined a short field-free region. The front ring (1), on which

the conversion dynode could be attached, was isolated from the high voltage by a

plastic ring (2) and was grounded. The inside of the whole system was well shielded

from the rest of the flight tube.

A Venetian blind copper/beryllium conversion dynode was mounted in front of

the scintillator. It was taken from a secondary electron multiplier detector (EMI-

Thorn, Model 9643/4A, optical transmission -0%).

Figure 4 3 I Schematic of the II PD and the Faraday collector Ihe sc tnftUator luas mounted on nn<ç (5)

Rings (T), (4), and (5) iceic laid at tin mviu potential 'HV2) The plastic ring (2) electrically

isolated 1 ing ( I ) whei e the conversion dynoae was affixed The photomultiplier remained placea

outside the inn uiiiit In hont o+ the detector a Fatndai/ collector zcas introduced, consisting of

two grounded shielding tiitg^ and, in between, a utt^ partially coveted by a metal plate The

middle r nig was couiiec ted to a high unpedence s< ope input
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4.3.2 The scintillators

Several scintillators were used. BBOT was dissolved in chloroform and air-sprayed
on a transparent support. The resulting BBOT preparation transmitted about 20%

of the total photons produced in the photomultiplier direction. Plastic scintillators

can be machined to any desired size. Two of these, known to be very fast and

efficient, were also used: a 1-mm thick piece of NE102A produced by Nuclear

Enterprise (Edinburgh, Scotland) and a 1-mm thick BC-404 from Bicron (Soest,

Netherlands). The NE102A was coated with a 40nm thick layer of aluminum to

reflect photons emitted in the direction opposite to the photomultiplier. Only elec¬

trons penetrate the aluminum, at the energies used, whereas all heavier particles

are stopped in the metal layer 28. Their specifications as well as the percentage of

light transmitted to the photomultiplier (as estimated with the laser-induced fluo¬

rescence technique) are shown in Table 4.2.1. In the literature, it is usual to de¬

scribe the efficiency of a scintillator by its relative efficiency compared to anthracene

(in percent).

4.3.3 The Faraday collector for detector normalization

Direct measurements of the output amplitudes are difficult in MALDI, due to the

fact that the signals usually fluctuate strongly from laser shot to laser shot. To

overcome this problem, an additional ion detector was introduced in the system

to normalize the signals. As shown in Fig. 4.3.1, a Faraday collector was placed in

front of the detectors to intercept part of the ion beam. It consisted of a metal plate
with a "half moon" shape that intercepted ca. 50% of the ion beam. The plate was

connected to the 1 MQ impedance input of a digital oscilloscope. The other half of

the ions continued their trajectories to the IEPD or MCP. To geometrically delimit

the size of the beam, a grounded ring was placed just in front of the Faraday
collector. To avoid interferences created by charged particles coming back from

the IEPD or MCP detectors, the b>ackside of the Faraday collector was protected

by an additional grounded plate. This set-up was mounted 10 cm in front of the

detector.

With no internal conversion or further gam, this device directly senses the ion

current. Unfortunately, it is not guaranteed that the signals are only due to the

primary ions because sputtered ions created during the impact can leave the de¬

tector. Furthermore this sputtering is mass dependent 24. It is therefore incorrect

to equate the Faraday signal with the number of ions that impinged on its surface,

but it should be an excellent wav of normalizing MALDI signals.
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A typical single shot Faraday signal is shown in Fig. 4.3.2a for substance P. Be¬

cause of its large time constant, this device is a current integrator and ion packets

appear as steps. Fig. 4.3.2b shows the IEPD signal (50 Q impedance, photomulti¬

plier at -1.5kV) for the same laser shot. It can be seen that the mass spectrum

mostly consists of the molecular ion peak. The matrix peaks have minor intensi¬

ties, which simplifies the integration procedure (flat baseline) and prevents ma¬

trix signals from saturating the detector. The quasi-absence of matrix peaks (ma¬

trix suppression effect) was obtained by using a sample-to-matrix molecular ratio

of 1:50, higher than that typically used in MALDI 29. The normalized detector

signals were obtained by dividing the signal peak integrals by the height of the

Faraday step signals.
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Under typical MALDI conditions (laser power just above threshold), we verified

that the IEPD and MCP detector signals were directly proportional to the Faraday
collector signals, showing that neither the IEPD nor the MCP were saturated. Be¬

cause of this linear relation, it was possible to improve the signal-to-noise ratio of

the signals by accumulating laser shots and dividing the sum of the detector sig¬
nals with the sum of the Faraday signals. The normalization is therefore still valid.

It will be shown further that, at higher laser irradiance, saturation can occur and

the detector signals are no longer proportional to the Faraday signals. Normaliza¬

tion in cases where saturation may occur was only carried out for single shots.

4.3.4 Samples

Substance P, cytochrome-c, bovine insulin, and y-globulin were purchased from

Sigma (Buchs, Switzerland). Cesium iodide, calcium ionophore II (ETH-129), 2,5-

dihydroxybenzoic acid (DF1B), and sinapinic acid were bought from Fluka (Buchs,

Switzerland). Samples from Münster: substance P, cytochrome-c, and bovine se¬

rum albumin were obtained from Sigma (Deisenhofen, Germany). Gramicidin S

synthetase was prepared by Dr. Vater, Max Vollmer Institute for Biophysical Chem¬

istry and Molecular Biology, Technical University Berlin.

4.3.5 Effect of secondary particle post-acceleration

The conversion dynode used is a Venetian blind dynode with an optical transmis¬

sion close to 0%. An insignificant percentage of the primary ions can pass through
it. Signals observed with the IEPD are therefore only due to secondary particles

impinging on the scintillator. Two scintillators are compared in Fig. 4.3.3. The

sample was substance P with 22 keV kinetic energy. In separate experiments, ei¬

ther the positive or the negative secondary particles were accelerated to the scin¬

tillator with various voltages. For substance P, the negative particles gave much

greater peak intensities than the positive ones. The difference is most likely due to

secondary electrons, which, are also accelerated to the scintillator. In the upper

part ot Fig. 4.3.3, the minimum obtainable full width at half maximum (FWHM)

for substance P is shown as a function of the post-acceleration voltage. The scintil¬

lator was BBOT but very similar results were found with BC-404. Other scintillators

were not tested.
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half maximum of the substance P peak is shown as a function of the post-acceleration voltage.
The scintillator was BBOT

The maximum mass resolution that could be obtained with +5 kV post-accelera¬
tion was about double than that with +20 kV The dependence of the mass resolu¬

tion with the post-acceleration energy may be caused by ions that are sputtered
from the scintillator during the ion impact and accelerated back to it. If the signal
intensities are large enough, it is therefore preferable to reduce the post-accelera¬
tion voltage to increase the resolution.

In Fig. 4.3.3, signals obtained with BC-404 were between 1.4 and 2.3 times larger
than those obtained with BBOT. The error bars correspond to the standard devia¬

tion calculated with 500 laser shots. The light collection with the BC-404 scintilla¬

tor, measured above, was about 2,5 times more efficient (Table 4.2.1) than with

BBOT. Although the absolute signal intensities were higher with the BC-404, the
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electron-to-photon conversion yield of the BC-404 was slightly smaller than that

of BBOT.

An additional experiment was performed to show that electrons contribute a large

part of the signal intensity. A piece of plastic scintillator NE102A was coated with

a fine layer of aluminum (40 nm thick). At the energies used in this work (up to 20

keV), only electrons can penetrate through the aluminum and reach the scintilla¬

tor 28. Very intense signals were observed with this set-up when negative par¬

ticles were accelerated but no signals were seen with positive particles. The sig¬

nals due to electrons are therefore predominant and must be true in the case of an

uncoated scintillator as well. From a comparison of the intensities, we estimate

that the signals due to secondary ions are only around 3% of the electron signals
at 20 keV With the aluminized NE102A, only electrons were used. This prepara¬

tion had the additional advantage of reflecting the light emitted in the wrong

direction back to the photomultiplier. The collection efficiency was therefore im¬

proved (about 85% compared to 45% transmission for an uncoated scintillator,

see Table 4.2.1). Unfortunately, the aluminum strongly degraded the mass resolu¬

tion. When secondary particles hit the aluminum, additional sputtering of ions

took place (most probably aluminum ions). The positive ions are accelerated to

the conversion dynode and the detection process repeats itself. The result is that

one IEPD signal consists of many "waves", created at slightly different times.

Furthermore, the coated NE102A does not allow detection of particles other than

electrons.

4.3.6 Linearity, saturation and signal intensities

The final output intensities are highly dependent on the electron amplification
and therefore on the voltage used for the photomultiplier or for the MCP. The

linearity of a secondary election multiplier (MCP or photomultiplier) is limited

and depends on the detector working conditions. If too many primary particles

(electrons or photons) arrive at the detector at the same time, the output current is

so large that the potential difference across the dynodes cannot be maintained.

This results in signal intensities smaller than expected30'31'32'25. In extreme cases,

saturation due to small masses arriving first on the detector can totally suppress

the heavier ion signals. We therefore used the IEPD and MCP under different

working conditions to check for the linearity and compare the signal intensities.

The sample peak integrated from the detector (IEPD or MCP) and the correspond¬

ing step height coming from the Faraday detector were recorded and the laser

power varied to cover a large range in the number of primary ions. This proce-
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dure was executed with both detectors, and the values transformed into number

of charges. The number of charges that was calculated from the Faraday signal is

proportional to the number of ions hitting the collector but may not be considered

to be exactly the number of ions. Secondary particles sputtered from the Faraday

plate also influence the signal height. Furthermore, the areas of the collector and

of the IEPD and MCP are different. Thus, the Faraday charge is not the number of

ions that reached the IEPD or MCP but is proportional to it. As these effects are

independent of the kind of detectors placed behind the Faraday collector, it can

still be used to normalize the signals.
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laser power. In b) and c), the secondary tons generated on the Venetian blind dynode were accel¬

erated with +13 kY onto BC-404 The photonsultiplier was operated at-1.2 Win b) and -1.5 kV

m c). Curves a) and d) were obtained with the MCPs operating at-700 V and-900 V per plate,

respectively. The dashed cut ves are guides for the eye.
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In Fig. 4.3.4, 22 keV Cs1" ions were used as test particles. Csl is a very practical

sample because it ionizes readily and does not necessitate a matrix that may satu¬

rate the detector. The number of charges coming from either the IEPD or the MCP

after electron amplification is shown as a function of the number of charges mea¬

sured with the Faraday collector. In Fig. 4.3.4, each point corresponds to a single
laser shot.

Different detector configurations were compared. Curves b) and c) were obtained

with the IEPD. Negative secondary ions and electrons were accelerated with +15

keV. In b) the photomultiplier was operated at -1.2 kV (ca. 67% of the maximum

voltage recommended by the manufacturer) and in c) at -1.5 kV (ca. 83% of max.).

Curves a) and d) result from the MCP at -700 V per plate and -900 V per plate,

respectively. Those voltages correspond to 70% and 90% of the maximum recom¬

mended voltages.

Only curve a) does not show any signs of saturation. The detector signal and the

Faraday signal show a linear relationship over the whole x-axis range. The slope
is about 2T07 for the MCP at -700 V (a). IEPD saturation is clearly observed in

curves b) and c). The curves m the cases where saturation occurs consist of three

regions: a first linear region, an intermediate region, and a final flatter region at

high ion current. The slopes of the linear regions are 6T07 and 2-108 for curves b)

and c), respectively. Using the same photomultiplier voltage, the conversion dyn¬
ode and 15 kV post-acceleration therefore increases the Cs' signals by a factor of

around 70 (2408/3-106). The saturation points were estimated by evaluating the

intercept between the extrapolated initial linear region and the linearly extrapo¬

lated plateau-shaped saturation region. The Faraday signals, where these satura¬

tion points were observed, were -3.6T0"1" and ~1.2-10~iR for curves b) and c), re¬

spectively. The MCP has to be operated at a very high voltage to reach similar

signal intensities: curve d) has, m its linear region, a slope of 4-108. However, satu¬

ration happens even earlier than with the IEPD (saturation point at -0.9-10"15).

Here it should be noted that laser powers much larger than the threshold values

were used to produce more ions. Under normal MALDI conditions, none of the

detectors would have been saturated tor Cs
. However, larger molecules necessi¬

tate the use of a matrix. Fhe matrix signals can then, as mentioned above, sup¬

press the sample signals. This can, for example, be observed for substance P with

DHB for matrix (data not shown). We found a strong correlation between the total

amount of charges (from DHB and substance P) and the substance P IEPD or

MCP signals. This finding emphasizes the utility of diminishing the amount of

matrix molecules arriving at the detector. One simple way to accomplish this is to

deflect the matrix ions with a transverse electrical field 30.
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Fig. 4.3.4 also gives some information about the intrinsic gain of the two different

secondary electron multipliers. In the IEPD, the gain of the photomultiplier sec¬

ondary electron multiplier was increased by a factor of -3.6 when the voltage was

changed from -1.2 to -1.5 kV The observed change in intensity with increased

voltage is more pronounced with the MCP: signals were 30 times larger when the

MCPwas run at -900 V compared to -700 V (this also includes the signal improve¬
ment due to the post-acceleration). Using the manufacturer's data, we estimated

that the internal electron multiplication gam ot the MCP at -900 V is at least an

order of magnitude larger than the gain of the photomultiplier at -1.5 kV (see

Chapter 4.3.7). In Fig. 4.3.4, the MCP intensities (curve d) were about double than

those with the IEPD (curve c), despite the fact that the electron amplification gain
of the photomultiplier was more than a factor of 10 lower than the MCP gain. The

detection of electrons through conversion into photons therefore seems to be very

efficient. This emphasizes the findings of Chapter 4.2.9 where it was shown that

ions with low molecular weights produce more photons than secondary electrons.

Possibly, this remains true for electrons impinging on the detector.

4.3.7 How to estimate SEM gains?

Electron amplification gains in secondai*}' electron multipliers (SEM) depend on

the potential difference applied through the chain. For a SEM consisting of dis¬

crete dynodes, the following general dependence is found:

where "G" is the electron gain, "K" a pre-exponential factor, "V" the potential

difference, "a" a coefficient determined by the dvnode material, and "n" the num¬

ber of dynodes (10 in our case). According to the manufacturer, "a" has a value of

0.7 to 0.8.

MCPs, on the other hand, have continuous dynodes. The gam dependence with

the potential difference is as follows:

G = K-eAV

where "A" is a coefficient.

"K" and "A" are easily estimated tor our MCP because the manufacturer (Galileo

Corp.) provided us with values ot the gains at two different voltages. As an ex¬

ample, we found for an MCP (extended dynamic range):
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GMCP = 0.39 e
1.1-10 -V[V]

In case where two MCPs are used together, one behind the other (in the Chevron

configuration), the total gain is simply the multiplication of the respective gains.

Only one gain is known at one voltage for our photomultiplier. The procedure
was therefore more complicated. From Chapter 4.3.6, it is known that the gain is

increased by a factor -3.3 (2-10c /6T0% when the potential difference is changed
from 1200 V to 1500 V This allows us to estimate the "a" factor. We found -0.55, a

value which is much lower than that claimed by the manufacturer. The pre-expo-

nential factor "K" was calculated using the known gain (10 ) at 1250 V and 0.55

for "a". The final expression of the gain reads:

Gpmt = 9.3-10"l2-V5-5

Fig. 4.3.5 and 4.3.6 show the electron gain dependences with the voltage for the

MCP and photomultiplier, respectively. The curve in Fig. 4.3.5 corresponds to the

MCP pair used for the experiments done in Chapter 4.3.
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4.3.8 Detection yield as a function of the ion molecular mass

To study the dependence of the signal intensities of both detectors on the mass of

the primary ion, we compared normalized MCP signal intensities to IEPD nor¬

malized values and estimated the IEPD/MCP ratio for different molecules. Care

was taken to use laser energies just above threshold so that the detectors did not

saturate. All samples were prepared with low matrix/sample ratios to suppress

the matrix signals. With the MCP at -900 V and the IEPD at -1.2 kV plus 12 kV

post-acceleration, the IEPD/MCP ratios were, tor example: 0.510.2 for DHB-H20

(mass 137 Da), 1.210.2 for Call-ionphore (461 Da), 1.2±0.3 for substance P (1347

Da), 0.610.2 for bovme insulin (5734 Da) and 110.3 tor cytochrome-c (12300 Da).

Obviously, this ratio is not clearly correlated with the parent ion mass. In the mass

range studied here, the lEPD's and the MCP's detection efficiencies depended on

mass in a similar fashion. We theretore suspect that the îon-to-eiectron conversion

process is the limiting factor m both detectors tor the detection of those ions at 22

keV.
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4.3.9 IEPD mass resolution

As discussed in Chapter 4.2.6, an intrinsic detector rise-time in the order of 4 ns

was estimated for the IPD system. Due to the additional conversion step, a slightly

larger value is expected for the IEPD (10 keV electrons take less than 1 ns to cross

from the Venetian blind to the scintillator).

The IEPD was tested in the group of Prof. Hillenkamp (Munster, Germany). Their

instrument is a reflectron TOF containing delayed extraction technology. Accord¬

ing to their results, a maximum mass resolution of around lO'OOO to 11'OOO is ob¬

tainable for a small peptide when a fast MCP is used. In their laboratory, UV and

IR MALDI can be utilized by using either a N2-laser (337 nm) or an Er:YAG laser

(2.9 urn).

Substance P (MW: 1347 Da) and insulin (MW: 5737 Da) were measured with UV-

MALDI. In Fig. 4.3.7, substance P was mixed with DHB as the matrix. The IEPD

post-acceleration was set at relatively low voltage: 6 kV.
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The peptide is isotopically resolved with a mass resolution of around 3000. The

corresponding rise time is about 6 ns. This was found to be limited by the IEPD

and not by the instrument. We arrived at this conclusion because of the following

reason: for each molecule, the optimum instrument conditions are found by ad¬

justing, for instance, the time delay for the delayed extraction or the lens voltages.
With a very fast detector (MCP), the mass resolution seems to be limited by the

instrument. The quality of the spectrum reached a maximum only at the opti¬

mum parameters and then decreases rapidelv. In our case, the quality reaches a

maximum for a much larger range of parameters. This concept is described in Fig.
4.3.8. It was therefore concluded that the substance P mass resolution in Fig. 4.3.7

was limited by the detector rapidness.

S

A- Instrument limited

Ins trumcnt pammeters

B- Detector limited

Instrument parameters

Figure 4.3.8: Description ofa mass spectrum limited by the TOF (a) and by the detector (b). In (a), fhe mass

resolution maximum is reached for very specific parameters whereas in (b) the same mass resolu¬

tion can be observed for different parameters

In addition to MCPs, a spectral resolution as good as the spectrum shown in Fig.
4.3.7 is only obtained with the fastest (and most expensive) SEM.

Similarly, the mass resolution reached with insulin (Fig. 4.3.9) is comparable to

the results obtained with the best SEM. In this case, the mass resolution is about

1000, which corresponds to a FWHM of 7.7 Da. In this spectrum, the protonated
molecular ion is the dominant peak. The water loss and the K+-cationized peaks
are also observed.
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Figure 4.3.9: UV-MALDI mass spectrum of bovine insulin (matrix- DHB, 30 shots), measured in Münster

with the IEPD (8 kVpost-acceleration) The molecular ion region is shown In the expanded view.

4.3.10 IEPD to detect very large molecules

Heavier molecules are efficiently detected with the IEPD. If desired, the post-ac¬
celeration voltage can be increased to improve the signal. As discussed previ¬

ously, large post-acceleration energies must be balanced against mass resolution.

In the IEPD, the post-acceleration and the photomultiplier gain can be separately

adjusted. This supplementary flexibility allows optimization for signal intensity
or for mass resolution. In general, we used high post-acceleration energies in the

IEPD to adjust the experimental parameters and to find good spots on the sample
with the laser. The post-acceleration voltage was then reduced during the mea¬

surement. However, for very large ions, the loss m mass resolution observed when

the post-acceleration is increased is no longer significant because the time-spread
of the ion packet itself is greater. As it will be described below, mid-sized mol¬

ecules can show peak splitting
In Fig. 4.3.10, cytochrome-c was measured with UV-MALDI. The detector post-

acceleration was varied from 6 k\ to 20 kV Two peaks are clearly observed. The
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sharper peak corresponds to the pulse of electrons created on the Venetian dyn¬
ode and accelerated towards the scintillator.
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Figure 4.3.10: UV-MALDI mass spectra of cytochrom-c (iiiatrixiDHB), measured in Munster with the

IEPD and different post-acceleration voltages: b, 10, 12, and 20 kV. Large post-acceleration

voltages increase the second broader peak intensity. Its position is also shifted relatively to the

first peak.

The second peak position shifts with the energy. Due to its large intensity, we

think that this signal is also due to electrons. But their origin is still unclear. The

following hypotheses have been made but refuted:

1- During the impact of the electron on the scintillator, secondary ions are

created. They are accelerated back to the dynode where additional electron

emission happens. Assuming that the secondary sputtered particles weight

approximately 100 Da 3\ it takes them only around 150 ns to return to the

dynode (with 12 kV) and less than I ns for the electrons to return to the
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scintillator. In Fig. 4.3.10, we observed much longer time differences be¬

tween the two peaks (ps range).
2- The same process than described in 1) is repeated several times. However,

it seems illogical that the broad signal has a maximum after about 1 ps.

Rather, a decay function would be expected (max. at time^O).

3- The initial positive parent ion (cytochrome-c) undergoes a polarity change
on the conversion dynode and is accelerated to the scintillator where pro¬

cess 1) takes place. The time differences calculated were too large com¬

pared to the observations if the initial velocity was taken as equal to zero,

and too small if the initial velocity was taken as the velocity of cytochrome-

c in the TOF.

Possibly, ions sputtered from the conversion dynode may be different from the

initial primary ion (case 3) and may be larger than 100 Da (case 1). Their initial

velocities may also be different from zero or from the velocity of the primary ions

in the TOF. In Fig. 4.3.10, the time differences between the two peak maximums

can be estimated for each post-acceleration. Using these values, we solved the

equation with two unknown parameters: the initial sputtered ion velocity and the

mass of the sputtered ion. The best fit gave the following values:

Mean mass of the sputtered ions: 8900 Da

Mean initial velocity: 6700 m/s

For comparison, a 8900 Da, singly charged ion with 20 keV has a velocity of 20

km/s. The mean initial sputtered ion energy calculated with the values above is

2000 eV Double peaks were also observed with the insulin dimer, which has a

very similar mass. The problem did not appear with smaller and larger molecular

masses.

Bovine serum albumin was dissolved in a glycerol preparation and ionized /des¬

orbed with an Er:YAG laser. In Fig. 4.3.11, strong clustering is observed. The mass

resolution is comparable to that obtained with an SEM detector (including a Ve¬

netian dynode), as well as the clustering range (the clustering can be strongly
influenced by the instrument parameters). Molecules as large as the 11*BSA (ca.

740'OOQ Da) are readily detected.

In this case, a post-acceleration of 20 keV was used. The set-up was slightly modi¬

fied to post-accelerate the primary tons on the Venetian dynode as well. For that

purpose, the Venetian dynode was set at high negative voltage (for positive ions)

and an additional copper grid (95% transmission) was placed in front of the dyn¬
ode (at 1 cm). Fire advantage of this set-up is that the ions impact with more

energy on the Venetian dynode. The secondary electron sputtering is therefore

increased. The electron acceleration on the scintillator can also be adjusted as de-
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sired. The spectrum in Fig. 4.3.11 was obtained with the scintillator set to ground.

The electron energy was therefore 20 keV. Larger or smaller electron energies can

be obtained by varying the scintillator voltage. We tested an electron total energy

as large as 36 keV with our set-up. Although the absolute signal intensities in¬

creased dramatically, the quality of the spectra was not much improved. As a

matter of fact, very large electron acceleration energies resulted in larger noise.

We attributed this effect to the spontaneous electron emission that can occur un¬

der high electrical fields. Away to improve this would be to increase the distance

between the scintillator and the Venetian dynode. It was also suggested that the

shielding between the dynode and the scintillator helped to diminish the rate of

"sparks".
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Figure 4.3.11 IR-MALDI mass spectrum of BSA (36 shots) dissolved m a glycerol preparation and mea¬

sured in Munster with tin IEPD (20 kV post-acceleration) Strong clustering is observed.



Chapter 4 102

Molecules much larger than BSAwere also detected with the IEPD. In Fig. 4.3.12, the

IR-MALDI spectrum of gramicidin S synthetase with a molecular mass above 500'000

Da is shown. This sample was prepared in glycerol as well and irradiated with 2.9pm
from the Er:YAG laser. The mass resolution and signal-to-noise ratio are once more

similar to what was obtained with a SEM and a Venetian dynode. Flere we would like

to point out that for all the large ions, the SEM requires the use of a conversion dyn¬
ode. As in the case of the IEPD, the dynode is floated at high negative voltage. The

positive primary ions are therefore post-accelerated and the secondary electrons are

pushed in the SEM direction. It is however more difficult to detect negative primary
ions. If the dynode remains, as before, at negative voltage, the primary ions are decel¬

erated and the secondary electron production is decreased. An alternative technique
is to set the dynode at ground and to float the SEM at a positive voltage. Floating a

device like a SEM is however limited. The output signal must be capacitively coupled
to the data acquisition and the risks of electrical sparking that can damage the detec¬

tor are increased. In the case of the IEPD, all of these problems are eliminated. The

scintillator can be floated at any desired potential without risking damage to the de¬

tector. Negative ion post-acceleration can also be used.
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Figure 4.3.12 IR-MALDI mass spectrum of ^tamicidin S synthethase (63 shots) dissolved in a glycerol

preparation and measured in Maustet zciflt lite IEPD (20 KV vost-acccleration) The molecular

peak is noted M ^ and Hie doubla charged molecular urn AU f

Other samples were also successtully detected with the IEPD, including oligonucle¬

otides, gama-globulin, and polymers (polyethylene glycols).
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4.3.11 Conclusions on the IEPD

Compared to the IDP, the construction of the IEPD is slightly more complicated
and necessitates the use of one (or two) supplementary power supplies. How¬

ever, much larger signal intensities are observed. This device is able to isotopi-

cally resolve peptides with molecular weights around 1000 Da. The speed of the

detector was the limiting factor to obtain even better time-responses. The photo¬

multiplier time-rise (around 3 ns) contributes a large fraction to the total IEPD

time response (around 4-5 ns). If necessary, faster photomultiplers can be used.

Compared to SEMs, the IEPD time response is at least comparable to the fastest

SEM obtainable on the market.

We showed that a large part of the signal was due to secondary electrons created

on the conversion dynode and accelerated onto the scintillator. With the optimum

scintillator, a plastic commercial compound, the secondary ions contributed only
to a minor extent to the total signal intensities.

Very large ions above 500'0Û0 Da were readily detected. Primary ions and second¬

ary electrons can be separately post-accelerated to increase signal intensities. Rela¬

tively small electron acceleration values are preferred for mid-sized ions to avoid

sputtering on the scintillator and a degradation of the mass resolution. Larger

voltages can be used tor heavier ions because the change in mass resolution is

negligible compared to the initial ion packet spread. During our test measure¬

ments, it was observed that ions around lO'OOO Da (with 20 keV initial energy)

appeared as two peaks on the mass spectrum. We attributed the first one to the

electrons created directly on the dynode. The second signal was much broader

and is probably due to secondary ions sputtered and accelerated on the scintilla¬

tor. We are convinced that the signal must be due to electrons. The sputtered ions

therefore undergo several transformations to finally generate the electrons. This

double peak was only observed tor molecules around lO'OOO Da. For the reasons

described above, larger ions or lighter ions were detected as single peaks.
Positive and negative ions can also be detected with the IEPD. Ions of both polari¬
ties can be easily post-accelerated with similar energies, which is a real advantage

compared to SEM detectors. The electron acceleration energy can also be inde¬

pendently adjusted. At too large values, however, an increase in noise was seen.

This noise may be due to spontaneous electron emission caused by the high elec¬

trical field.
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4.4 On the utility of the IPD & IEPD

The devices described above each have advantages and disadvantages. After analy¬
sis of the detectors available in the market or utilized by other research groups,

we will try to give an objective point of view on the utility of the IPD and IEPD.

4.4.1 Market analysis

We noted that many companies sell their TOF instruments with MCPs (e.g.

"Micromass", "Bruker", "Comstock", and "Kaesdorf"). After contacting some of

them, we were told that MCPs are also sold for detecting very large masses. Usu¬

ally post-acceleration is already mounted in the commercial instruments. The group

of Liang Li in Canada uses MCPs or MSPs (microsphere plates, which have a

larger dynamic range) to measure large ions such as 1.5 MDa polymers 34. The

speed of the MCPs is probably the most interesting advantage of these devices.

Some companies sell discrete secondary electron multipliers, especially in small

TOFs (e.g. "Comstock"). In a large MALDI TOF, secondary electron multipliers

plus a conversion dynode are used by the group of F. Tlillenkamp [ for the detec¬

tion of large masses. For these masses, this group found superior efficiencies with

their system than with MCPs. Unfortunately, the time response of their best SEM

is around 5 ns and costs significantly more than a "standard" SEM (around 2

times more) or than an MCP kit.

To avoid MCP saturation, "Cameca" sells a detector that consists of a single MCP

followed by a scintillator. "Physical Electronics" proposes two MCPs followed by
a scintillator. The two MCPs are floated at 10 kV to post-accelerate the electrons

onto the scintillator.

The "Himass" detector was originally fabricated by "Bruker". In this set-up, the

ions impacted onto a Venetian blind dynode and the secondary particles were

accelerated with 6 kV on a single MCP. Behind it, a Csl disc transformed the elec¬

trons into photons that were then detected with a photomultiplier. This detector

is not delivered anymore, mainly due to the fact that its time response was too

slow. Only masses larger than 20 kDa could be detected with reasonable mass

resolution in their TOF. Montaudo et al. ^ used the "Fhmass" detector to estimate

large polymer molecular weight distributions. They wrote:

The conversion dynode enables the defection of high mass ions. The scintillator avoids

detector saturnhon by providing a very wide dynamic range. The Himass detector has,

however, tow temporal t esolnhou Tins is probably due to the production ofsecondary ions
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by the conversion dynode.

A very similar detector is sold by Galileo Corp. In their device, the ions hit an

MCP. Secondary electrons are then accelerated with up to ±10 kV on a scintillator.

"Micromass" sells a modified Daly detector. The ions are accelerated on a metal

converting dynode. The electrons are then accelerated to a scintillator and the

photons produced during the impact are detected with a photomultiplier. This

detector is nevertheless only used for sector instruments and the technicians con¬

tacted did not know the fundamental reason why it was not used in TOF instru-

ments. One of them mentioned the fact that a good ion focus is necessary to ob¬

tain a good mass resolution; in a TOF this would not be sufficient.

Some research groups use hybrid detectors. P. Williams 36' 37 combined a MCP

and a discrete dynode secondary electron multiplier to improve the dynamic range

of the detector. This device was successfully utilized to detect IgM molecular mass

H MDa).

4.4.2 Advantages/disadvantages of the detectors

Some of the advantages and disadvantages of the IPD, IEPD, MCP, and SEM are

listed below:

Table 4.4.1: Detector comparison

lpD IEpD MCp SEM +

dynode

1 Time-response + /- + /- ++ + /-

2 Sensitivity for large masses - ++ + /„ ++

3 Sensitivity for small masses + ++ ++ ++

4 Signal-to-noise ratio - ï- +4 +

5 Saturation + + - 4

6 Easiness to mount i-+ + 4

7 Robustness ++ + F -- -./.

8 Price per year of use ++ + - + /.

9 Detector life-time +4 ++ - t-

10 Possibility to work under higher pressures ++ + -

11 Possibility to measure ( i ) and (-) ions ++ ++ + 4-

12 Possibility to post-accelerate the ions + -t _i—(_ + /- 4

13 Possibility to use m miniaturized TOF +4- + + 4

(- -) : very poor; (-) : poor; (+/-) : fair; (+) : good; (++) : very good.
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Remarks:

2- the MCP sensitivity for large ions is considered sufficient by some research

groups and not by others (including our group).
4- the signal-to-noise ratio of the IEPD depends on the electron acceleration

voltage. The higher this value, the larger the noise. This was attributed to

spontaneous field emission.

8/9- IPD, IEPD, and the SEM have quite long lifetimes. A good SEM is however

much more expensive than an IPD and IEPD.

10- The electron amplification chain is outside the TOF chamber for the IPD

and IEPD. It is therefore less sensitive to possible electrical sparks.
11- Measurements of negative ions with MCPs and SEM is often obtained by

decreasing the ion energy (see text for more details).

4.5 Conclusions

Undeniably MCPs are very efficient detectors for light and mid-sized ions. For

larger ions, their sensitivity is questionable. Some groups use it for studying large
ions while others claim that its sensitivity is highly reduced. From our experience,
the MCP is not the detector of choice for ions above BSA (67'000 Da). It is however

one of the fastest devices. Unfortunately, it is a very fragile detector and people
who have had to replace MCPs would certainly agree that this is a painstaking
work. Its lifetime is also quite limited and incidents that frequently happen in a

TOF (i.e. sudden air-leak, chemical poisoning with oil, water or other aggressive

compounds, and electrical discharges) can easily break it.

The IPD is a cheap device that does not suffer from air exposure. Its construction

is optimal for an implementation in miniaturized TOFs. Its sensitivity is sufficient

for mid-size ions. In our instrument, 22 keV BSA (67'000) was detected with the

IPD. Its signal-to-noise ratio was poorer than with an MCP. It was shown that

signal intensities could be increased by adding an ion post-acceleration m front of

the scintillator. We would, however, not recommend this alternative because the

simplicity of the construction is then reduced. In cases where more signal is re¬

quired, the IEPD seems to be more convenient and does not necessitate many

transformations.

The IEPD is, to our opinion, a very powerful detector. One of its main advantages
is its ability to detect small ions with adequate time resolution and, at the same
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time, its ability to measure very large compounds. Its versatility is such that it can

be used for most experiments in a TOF with no need to change the detector.

The IEPD time-response was found to be comparable or better than the fastest

SEM detectors. Also based on the conversion of ions into secondary particles in

the first step, its mass response seems to be similar to the SEM. However, the

IEPD has some additional advantages. For example, it has the potential to post-

accelerate the ions as much as desired and to increase the secondary particle en¬

ergy. Moreover, secondary electrons can not only be utilized to produce the sig¬

nal; secondary ions, preferentially produced for large ions, can also be used.

Last but not least, the implementation of IEPDs is economically compelling, due

to its low price, robustness and user-friendliness.
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Chapter 5.

5. Preformed ions: understanding and

applications.

The ion formation pathways in MALDI are still not fully understood. A common

statement is that ions are not formed by a single pathway but rather by several

different mechanisms. As discussed in detail in Ref. 1, ionization mechanisms in

MALDI can be divided into primary and secondary ion formation processes. Pri¬

mary ions are formed directly from neutral molecules whereas secondary ions

result from subsequent chemical reactions between primary ions themselves or

between primary ions and neutrals or other secondary ions.

One possible mechanism is the desorption of preformed ions. By preformed ions,

we refer to ions that were already present m the sample solution and, once the

solvent is evaporated, in the MALDI crystals. Upon laser ablation, the ions are

brought into the gas phase and separated from their counter-ions. Although no

ionization happens during desorption (ions are already present in the form of

salts), this mechanism can be considered as a primary ion formation process in

the sense that no other initial ions are necessary for the creation of preformed
ions. Other primary ion formation mechanisms include excited-state proton trans¬

fer, energy pooling, disproportionation, multi-photon ionization, and thermal ion¬

ization (see Ref. 1 ).

In this chapter, we will focus on the preformed ions. Very often, this pathway is in

competition with other primary and secondary ion formation processes. The rela¬

tive contribution of each mechanism varies depending on the sample and on the

sample preparation. Investigation of the parameters influencing their relative con¬

tribution is necessary to efficiently control and optimize ion yields and spectral

quality. For example, the MALF)I signal of some samples is sometimes strongly
enhanced by adding a catiomzmg agent (often a salt). This methodology is often

applied to polymer analysts. On the other hand, an excess of salt can also lead to

poor ionization or loss in mass resolution. In this chapter, the effect ot salts m bio-
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samples will be discussed in terms of mass spectral quality but also in terms of

ion formation mechanisms.

It is also important to understand the parameters influencing the relative amount

of preformed ions in order to study the chemistry of complexes in solution such

as ligand/metal and protein/protein interactions. In this field, one of the impor¬
tant questions to answer is to what extent the MALDI spectrum reflects the solu¬

tion phase chemistry. In other words, is it reasonable to use the mass spectral
information to determine the sample composition in solution?

In Chapter 5.2, we investigate the complexes formed between crown ethers and

metal cations. In Chapter 1, we already discussed the importance of taking into

account the fact that different ions, even with very similar chemical structures,

may be ionized and detected with different probabilities. A procedure to correct

for these effects and to use MALDI in a quantitative way will be presented. Rela¬

tive stability constants will be estimated and compared to literature values.

5.1 On the mechanism and control of salt-induced

resolution loss in MALDI

5.1.1 Introduction

MALDI has the advantage of relatively high salt tolerance 2. Many groups have

applied MALDI to the analysis of biological molecules such as DNA fragments 3'

4
or other very large molecules 5. However, such samples often contain significant

amounts of salts, which affects the quality ot the spectra noticeably. Therefore, it

is important to understand their role on the efficiency and precision of MALDI-

TOF MS.

Good sample preparation is a prerequisite for obtaining a good mass spectrum.
The choice of the matrix is maybe the most important factor and many different

molecules have been tested fv 7, 8, c\ Another less studied factor that can affect the

quality of a mass spectrum is the composition of the matrix-analyte solution. It

was observed, for example, that addition ot acid can enhance the signal intensity
of high-mass proteins. According to Cohen and Chait, this effect may be related to

analyte solubility, which is increased m acidic conditions 10. Trifluoroacetic acid

(TEA) is commonly chosen by many researchers for acidification; it is rapidly elimi¬

nated under vacuum due to its volatility.
Natural or added salts m the preparation solution are also known to have a sig¬
nificant effect on MALDI spectra. Some compounds, such as polyglycol polymers,
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are detected primarily as adducts with alkali metal cations. For that reason, some

workers add salts to try to enhance cationized analyte signals. For example, O'Malley
et al. n and Mowat and Donovan 12 have studied the attachment of different metal

ions to polystyrene, polyglycols and polybutadiene. They found that cationization of

non-polar polymers could significantly increase the ion yield.
On the other hand, salt removal via liquid chromatography 3, extraction, or ion ex¬

change 13 is often attempted in an effort to improve the mass resolution. Shaler et al.2

recently studied the effects of impurities on MALDI spectra of oligodeoxynucleotides.
The decrease of mass resolution was explained by adduct formation with cations.

Instead of a single molecular peak, many peaks can be observed, corresponding to

alkali metal cation-analyte adducts. Most frequently, adducts are formed with so¬

dium, potassium and calcium ions. At low mass, the resolution in MALDI is high

enough to distinguish between the different cluster peaks, but at higher mass these

signals will be unresolved. With our apparatus, the limit where this becomes prob¬
lematic is around m/z 8000 but this can vary for other TOF spectrometers. Both mass

accuracy and resolution are lost, and mixtures will be more difficult to analyze.
These different sample preparation strategies, either adding or removing salts, are

somewhat contradictory. Clearly, understanding the effect of salt ions onMALDI spec¬

tra can lead to better sample preparation strategies, especially for bio-samples which

are often prepared in buffer solutions or naturally contain large amounts of salts.

5.1.2 Samples

The MALDI experiments were performed on our 2 m linear TOF described in Chap¬
ter 3. The data shown in this chapter were obtained by averaging 100 single laser

shots and were not smoothed. The FTICR consisted of a 4.7 Tésla superconducting

magnet, an "Infinity" cell14 (Bruker, Fàllanden, Switzerland) and a workstation-based

data acquisition system (Odyssey, Finnigan/Extrel FTMS, Madison, WI). The sample
was irradiated with355 nm from a frequency-tripled Nd:YAGlaser (Continuum, Model

Surelite II, 5 ns pulsewidth). The working pressure was below 1*10~8 mbar.

The chemicals were obtained from Fluka (Buchs, Switzerland) and used without fur¬

ther purification, except for the 2,5-dihydroxvbenzoic acid (DHB) which was purified

by recrystallization from ethyl acetate (puriss. p.a.) and sublimation. Cation contami¬

nation of the DHB was checked by 1CP-AES. No contaminants were found at the

detection limit (<. 0.1 ppm). The solvents were distilled water and methanol (puriss.

p.a., >99.8%), also from Fluka. All compounds were dissolved in the solvent just be¬

fore the measurement.

DHB was prepared at a concentration of 0.1 M. For some experiments, dilute TFA,
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ammonia or calcium chloride was added to the solution. Valinomycin was prepared

separately in water or methanol at a concentration of 0.1 M. Matrix and analyte were

mixed immediately prior to use to obtain a molar ratio of 100 to 1.2 pi of this solution

was deposited on the 2 mm diameter probe tip and dried under vacuum for about 2

minutes.

Milk samples were prepared as follows: 300 pi of whole milk were first dried tmder a

flow of mtrogen gas, then re-dissolved in L ml of 0.1% TFA in water or methanol. 10 pi

of this mixture were mixed with 1 ml 0.1 M DF1B ( K).l% TFA). 2 pi of this solution

were deposited on the sample holder.

5.1.3 Effects of salts on matrix spectra

In Fig. 5.1.1, a MALDI-TOF spectrum of DITB, prepared as a 0.1 M methanol solution,

is shown. The solution was spiked with different concentrations of CaCF?. The differ¬

ent spectra were normalized in intensif}7 using the peak at m/z 137, which corre¬

sponds to [DHB-OH" | •
This fragment was chosen because it is not cationized and its

concentration is not reduced by complexation chemistry.
Clusters were clearly observed even at a relatively low salt concentration and become

more prevalent with increased amounts of added CaCF?. The same clustering behav¬

ior and overall spectral patterns were found in the MALDI-FTMS. We therefore as¬

sumed that the FTMS measurements gave the exact m/z values of the clusters ob¬

served at low resolution in the TOF. The most intense peaks of the cluster series are

labeled in Fig. 5.1.1. All these signals, except the one at 137 Da, appear only when

calcium is added to the sample, suggesting that they contain Ca2+. Probable singly

charged cluster compositions are as follows:

137 Da

347 Da

539 Da

731 Da

923 Da

lDHB-OH"|+

lDHB-DHB-*Ca2+]+

[DITB»DHB-«Ca2Y+ [DHB2"-»Ca2']

[DHB -DHB- • Ca2 h]++2[DHB2~» Ca21

[DHB »DHB- • Ca2 * ]++3[DFIB2- • Ca2+]

[FJHB«DHB~-Ca2+]+ f n[DHB2"«Ca2 ""J, n=l, 2,...

where DHB" represents singly deprotonated 2,5-dihydroxybenzoic acid and DHB2"

doubly deprotonated ÜI IB.

The repeat unit has a mass of 192 Da. To maintain the net +1 charge, each incrementm

cluster size requires addition of a neutral adduct, formed by a DHB molecule at¬

tached to a calcium ion. From the ICR measurements, we concluded that this adduct
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must contain a doubly deprotonated DHB: [DHB2~«Ca2+]° (152+40=192), instead of

[DHB"«Ca+]° (153+40=193). The net charge is thus reduced by proton ejection rather

than electron capture. The preference for a single net charge is not surprising, since

multiple charges on such small clusters would entail a large Coulomb repulsion en¬

ergy

0 200 400 600 800 1000 1200 1400 1600 1800 2000

m / 7

Fig. 5.1.1: Positive ion MALDI-TOF mass spectra ofDHB in methanol. Calcium chloride toas added at the

indicated concentrations (in molfmol), Clusters appear ivhcn Ca2' ions were present in the sohi-

tion. Labeled peaks arc:

137 [DHB-OH F

347 [DIIB'DHB-'Ca-'I

539 [DHB»DHB-»C.a--F + [DHB2-»Ca: I

731 [DHB»DHB-»Ca-'J + 2(DHB-"»QU/

923 [DHB'DHB-'Ca- F <- 3[DHB2~*Ca2 ]
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It is thought that this proton ejection occurs in two steps: one proton, located on

the carboxylic group, can easily be released (pKa~3) l5 in solution so that part of

the dried sample is composed of the DHB calcium salt, as described below in Fig.
5.1.2.

HO

.O „ C\
ÇG Ca2© 0N;
b ö

OH OH

Fig. 5 1.2: Possible sh-ucturc of tzoo depiotonated DHB molecules around a calcium ion. The complex may

exist in the crystal, depending on the sample solution conditions.

The solution pKa values of the other protons are much higher (pKa>l 0)15 and the

second proton is probably removed in the desorption/ionization step. Sumner et

ni. [b calculated the acidity of matrices in the gas-phase and found that the hy¬

droxy protons of the DHB were highly acidic in the excited state.

5.1.4 Effects of pH

As a further indication of the importance of solution conditions, the relative in¬

tensity of the clusters can be varied, at constant salt concentration, by changing
the pH of the solution with volatile acid and base (acid: trifluoroacetic acid (TFA);

base: ammonia (NH3)) (see Fig. 5.1.3). Because of their high vapor pressures, non-

reacted TFA and NFI3 are removed from the sample by the vacuum and do not

interfere with the MALDI desorption/ionization process.
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Fig. 5.1.3: Positive ion MALDI-TOF mass «pécha of DHB m methanol, with 1 mol% ofCaCl TFA or

ammonia were used to control the solution pH The intensity of cluster peaks is reduced under

acidic conditions and met eased by base

5.1.5 Effects of the solvent

Ion-matrix cluster formation is also strongly influenced by the solvent as is shown

in Fig. 5.1.4. We compared two DHB samples, both spiked with 1% calcium and

50% ammonia. As discussed abo^c, the ammonia enhances adduct formation,

thereby simulating a particularly unfavorable sample. In the top panel (b) of Fig

5.1.4, the solvent was methanol In the bottom panel (a), water was used. The

relative amount of clusters is much lower m water. This effect is not limited to
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matrix; it was also observed that valinomycin does not form adducts when the

sample is prepared in water. In contrast to low polarity solvents, water appar¬

ently does not favor the formation of preformed clusters and therefore suppresses

analyte adduct formation. It is interesting to note that even mixtures of water

with lower polarity solvents (like the commonly used water /acetonitrile mix l7>

8) give poorer results and should be avoided as much as possible when high salt

concentrations are present.

(b)

DHB with W„ NIL, 1% CaCl2
m Methanol

|yj Uw»lulU^UkllL_WC^_*ww.—Jw^^.

(a)

DHB n ith SO'/, \HHF, 1% CaCk

m Wat«

iJUa——r
1

i

, j L._LlM». „Ju—

1 , 1 i i i ! -, 1 i 1 i 1 i

200 400 bOO S00

mi z

1000 1200 1400

Fig. 5.1.4: Positive ton MALDI mass svectt a ot DHB spiked zotth l'/o ot calcium. In the lower spectrum \a).

DHB zoas dissolved in water to xrhuh 50 rriof'o ammonia was added In the upper spectrum (b),

the same conditions were useci except that the sample was dissolved m methanol.
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5.1.6 Controlling the amount of preformed ions

From the results shown above, a picture emerges for salt/solvent pH effects. The

fraction of preformed ions will vary depending on the sample preparation condi¬

tions. In the case of DHB matrix, this fraction can be significant because of its

acidity: addition of acid (base) into the solution forces the equilibrium between

protonated and deprotonated DFIB toward the protonated (deprotonated) form.

We assume that the acid/base kinetics are fast and that the equilibrium is estab¬

lished at all times during sample drying. After drying, the acid (base) is removed,

but a fraction of p)HB can crystallize in the deprotonated form with salt cations

(see Eq. below).

4 Base C aCl-,, drying
RCOOH (1) " * RCOO ' (1) + W (1) — -> (RCOO -) Ca2 » (s) + HCl (g)

+Acid

As mentioned above, another proton is lost during the desorption/ionization event.

Under acidic conditions, adduct formation with metal ions will be reduced be¬

cause of the lower concentration of DHB" in the solution and, after evaporation,
in the solid. As observed, clusters were mostly eliminated under acidic conditions

(see Fig. 5.1.3, lower spectrum). On the other hand, a base such as ammonia

deprotonates a large part of the matrix leading to much more calcium salt (Fig.
5.1.3 upper spectrum).
The solvent also influenced the clustering. We observed that polar liquids, such as

water, usually decrease the cluster intensities whereas less polar solvents have

the opposite effect.

5.1.7 Consequences of clustering

To demonstrate that these ion-mediated matrix clusters are also relevant to analyte

peak broadening and shifting mechanisms, we show a mass spectrum of valino¬

mycin (see Fig. 5.1.5). In MALDI mass spectra, this molecule is normally found to

be cationized with sodium and other alkali metal ions, as in Fig. 5.1.5 (a). The

solution was prepared in methanol with 0.1 M DHB and 10"^ M valinomycin con¬

centrations. In Fig. 5.1.5 (b), the sample was spiked with 5 mol% of CaCl2 (relative

to DHB). As was observed with DHB alone, salt addition leads to extra peaks. The

clusters formed with valinomycin and [DHB2~»Ca~ f]° arc, in this case, even stron¬

ger than the normal cationized peak.
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(b)

(a)

_~W

Q

ni

Q

a»

Valinomycin
in Methanol

+ 5% CaCl,

Valinomycin
in Methanol

1000 1100 1200 J 300 1400

ml 7

1500 1600 1700 1800

Fig. 5.1.5: Positive ion MALDI-TOF mass spectra of valinomycin in methanol, using DHB as a matrix. In

the lower spectrum (a), no extra salt was added. In the upper spectrum (b), 5 mol% CaCl} was

added to the solution.

Labelled peaks correspond to (VaHValinomycin) T134, Val i Mf; 1150, fVal-HT \ Ca2+; 1186,

Val+CaCI
, 1304, Val+IDHlTCa^p, 137S, VaHCaCF+lDHB1-Ca2d; 1496, Val+IDHIF

Ca2'] rlDHB-Ca2 J

This behavior may not be problematic for small analytes and simple mixtures

where all the peaks and their adducts are resolved, but it is likely to be an impor¬

tant contribution to peak broadening for larger masses. At masses >8 kDa with

our instrument, the "normal" molecular peak and the clusters overlap and are

observed as a single unresolved, broad peak. Shift of the peak centraid to higher

masses is another consequence of adduct formation.

These effects were observed with the VIALDI mass spectrum of whole bovine

milk. This sample naturally contains salts. Similar spectra were previously re¬

ported by Beavis and Chait17 in one of the early demonstrations of the capabili-
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ties of MALDI. No special purification or treatment was performed before analy¬
sis. The concentration of mineral salts in whole milk is quite high, typically 8-10 g

F1. Calcium salts are present at ca. 1.25 g F119. The amount of calcium in the 2 pi of

milk solution is about 60 nmol. Fig. 5.1.6 shows the milk spectra after preparation
in different solvents. Peak assignments were taken from Refs. 5 and 17 and are

noted in the figure caption.
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Fig. 5.1 6J Positive ion MALDI-TOF mass svectra of bovine whole milk in DFIB matrix. \a) The sample

solution was prepared in zoatet t 0 !% TFA (b) The same sample was recrystalhzed with metha¬

nol, (c) The same sample zvas again recrystalhzed with methanol and spiked with calcium chlo¬

ride salt The tollozciws peaks could be assigned Cas. casein; Eg' lactoglobulin; La: lactoalburnm;

Pp' proteoso-peptoti J>]' Ehe mass centroid of the Pp peaks are indicated in each spectrum.
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Using water as the solvent, the peak at ca. 8600 Da had a full width at half maximum

(FWHM) of ca. 90 Da. The quality of the spectrum changes significantly with solvent.

Fig. 5.1.6 (b) was obtained by redissolving the same sample in 2 pi of methanol, while

the laser intensity was kept the same. The FWHM of the largest peak has more than

doubled (220 Da) and the two resolved peaks in Fig. 5.1.6 (a) at ca. 24000 Da were

observed as a broad single peak. Similar effects were observed with other lower po¬

larity solvents such as tetrahydrofuran or acetonitrile. To study the effects of different

salt concentrations, more salt was added to the milk. For the spectrum of Fig. 5.1.6 (c),

the sample was dissolved again in 2 pi of a 1 mM CaCF, solution in methanol (2 nmol

of Ca2+). The amount of total calcium salt was thus increased by 3 mol% compared to

whole milk. The FWHM increased further to 370 Da.

Peak positions were also affected by salts, they shifted to larger apparent masses by
salt adduct formation, hi Fig. 5.1.6, the position of the largest peak moves from 8592

Da (Fig. 5.1.6 a) to 8631 Da (Fig. 5.1.6 b) to finally 8715 Da in Fig. 5.1.6 c. This shift of

123 Da between a) and c) corresponds to an error of about 1.5%. This suggests that salts

can play a major role in both loss of resolution and accuracy in mass determination.

5.1.8 Conclusions

We have investigated the influence of sample preparation on MALDI mass spectra of

salt-containing samples. The results are particularly applicable to analysis of natural

materials containing high mass analytes and high salt concentrations.

Sali impurities lead to a loss of both mass resolution and accuracy. This can be attrib¬

uted to adducts of analyte with matrix, mediated by salt cations. Both pH and solvent

polarity strongly affect the extent of adduct formation, suggesting that these adducts

are formed in solution prior to desorption.

Optimum conditions for obtaining better MALDI mass spectra of large molecules in

the presence of salts are:

• Polar solvents (such as water) should be used as much as possible for sample
dissolution. Lower polarity solvents (such as acetonitrile, methanol, tetrahydro¬
furan.,.) or even mixtures with water were tound to give much broader analyte

peaks.
• Acidic conditions decrease the amount of clusters and therefore samples should

be prepared at low pFI (while keeping in mind that it could induce hydrolysis or

denaturation). For pro tern and peptide analysis, low pH is typically used for sample

preparation, as signals are strongly enhanced l0. For other classes of analytes the

advantages ot low preparation pH has not yet been recognized, and should be

explored further.
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5.2 MALDI for quantification of complexation con¬

stants

5.2.1 Introduction

Many experiments have attempted to correlate condensed phase chemistry with

MALDI mass spectra. This is valid only if the mass spectrum reflects the condi¬

tions that existed in the sample solution. This is by no means certain since the

original sample is usually dissolved, then mixed with a matrix, and a drop of the

solution is crystallized on the MALDI target. The environment of the analyte in

the matrix is therefore much different than in solution and the chemistry is possi¬

bly changed. One way to confirm that a MALDI mass spectrum reflects the initial

solution phase chemistry is to monitor the different stages of the sample prepara¬

tion step-by-step. Lehmann et al. 20, for instance, followed the complexation be¬

tween ligands and metal ions m solution, in the solid form, and in the gas phase.

They found that MALDI mass spectra of their systems qualitatively reflected the

amount of preformed ions. Other studies 2l> 22>23 have shown that, under certain

conditions (choice of the "correct" matrix, solution pH, etc), MALDI spectra can

give qualitative information about the condensed phase system.

5.2.2 Equilibrium constants by MS: a way to study solution chemis¬

try

Another way to verify to what extent MALDI reflects the solution chemistry is to

determine chemical equilibrium constants using MALDI mass spectra and to com¬

pare them with values found with other techniques. Similar equilibrium constants

will show that MALDI and this second technique give the same information. It is

therefore no longer necessary to follow the chemistry of the complexes from the

solution to the MALDI sample. Recently, ionization methods such as field des¬

orption 24, fast atom bombardment25,252Cf plasma desorption 26, or electrospray
ionization (ESI) 2"r 28/ 29 have been used to directly measure stability constants by
mass spectrometry (MS) Young et al 28 used ESI and internal standards to elimi¬

nate signal intensity fluctuations and determined solution stability constants of

substituted crown ethers with small metal cations m methanol. Another promis¬

ing approach is being developed by Brutschy and coworkers 30. They built a so-

called "laser-induced liquid beam ionization/desorption mass spectrometer"
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(LILBID-MS) capable of ionizing and mass analyzing molecules injected into a

time-of-flight mass spectrometer in a liquid jet. Stability constants of some

crown ether-cation complexes in glycerol were evaluated by Man et al. 31
us¬

ing electrohydrodynamic mass spectrometry and internal standards. In their

method, the preformed ions are extracted from the bulk by an electrostatic

field. The results were believed to reflect the solution chemistry.

5.2.2 Advantages of the two-phase MALDI sample preparation

Quantitative information is difficult to obtain with a standard MALDI sample

preparation. Despite its advantages (high tolerance to salt contamination, sim¬

plicity of the resulting mass spectrum, capability for studying high molecular

weight compounds), conventional MALDI often results in unstable signal in¬

tensities. Ralph et al. 32 studied crown ether 33 and antibiotic complexes with

metal ions and concluded that standard MALDI sample preparation was not

suitable for measuring relative ion concentrations in solution. For this reason,

two-phase MALDI34/ 35
was used here, a sample preparation method in which

the analyte remains in solution. In two-phase UV-MALDI, the solid matrices

used in conventional MALDI preparations are replaced by vacuum-stable liq¬
uids mixed with particulates that absorb the laser light. Liquid solvents such

as glycerol, nitro-benzyl alcohol, or nitrophenyl octyl ether have been success¬

fully used as matrices. In addition, two-phase MALDI was shown to be much

more reproducible and stable than solid sample preparations. Due to the im¬

proved sample homogeneity the search for "hot-spots" on the samples is also

eliminated. Another advantage of using two-phase MALDI is that conventional

MALDI involves crystalline samples while most of the other MS techniques
described above use liquid samples. Ionization from the solution phase may
better reflect the behavior of the complex in solution and the possible prob¬
lems occurring during the MALDI sample crystallization disappear.
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5.2.3 Theory

The thermodynamic stability constants K of a ligand L binding with metal ions A

and B are defined as follows:

a(L-A')
L + A'~ ^L-iV K = (1)

\ a(L)-a(A')

a(L-B-)

B

a(L)-a(B»)

Where a( ) is the activity of the compound in the solution. The relative stability
K of the ligand L with the ion A towards B is defined as the ratio of the stability
constants. Using Eq. (1) and (2):

K a(LA')-a(B')
EC =

—^
= ——^ (3)

A,B
K a(L-B')-a(A')

B

Activities are not easily measured, we therefore used diluted solutions in glycerol
to have activity coefficients as close as possible to unity and replaced the activities

with concentrations.

As already proposed by Johnstone et al. 36 and Young et al,28 we assume a propor¬

tionality between the concentration of a compound in the MALDI sample prepa¬

ration and its peak integral in the mass spectrum. For this to hold, some factors

must be verified, in particular that the ion detector is operated in its linear regime.
The risk of saturation can be significantly reduced by operating the detector at a

reduced voltage. In addition, the number of ions brought into the gas phase must

be proportional to the ion concentration in the sample and the transmission through
the instrument must be independent of the number of ions. Under optimal MALDI

conditions (laser intensity just above threshold), we believe that these conditions

are fulfilled:

|X1 = t I (4)
X X

where 1 is the mass spectral peak integral of the signal and [X] its concentration

in solution. Fhe constant t, called the "instrument response" or "transfer coeffi-
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cient", includes factors such as ionization efficiency, detector mass bias, transmis¬

sion of the TOF, etc. By substitution of (4) into Eq. (3), the relationship between

concentration and peak intensity gives access to selectivity measurements using

mass spectrometry.

Two special cases are typically considered 28/ 36:

1) The ligand is in large excess compared to the ions. With a large K, the complex

concentration is close to the salt concentration added initially, [A+j or [B+] ,
re-

o, o

spectively. Using Eq. (4), the following expression can be derived:

[B1] t I
0 B LB

The ratio t /1
,
termed "relative instrument sensitivity", will be called S

.
This

A B
'

A,B
value is experimentally found by plotting the relative amounts of the salts A and

B versus the ratio of their corresponding complex mass peak integrals.

2) When concentrations of the metal ions (A, B) are in large excess compared to

the ligand L, the concentrations of the free salts in solution, [A+], and [B+], are not

much different from the initial values, [Ah] and [B+] . Using Eq. (5) and (4) in Eq.
o o

(3) the following relationship is found:

I [B ]
K -S --^ -i- (6)

VB VB T [A]
LB 0

If S is found by using an excess of ligand (cf. case 1), this allows one to directly
determine relative ion stabilities from a single mass spectrum.

5.2.4 Sample & sample preparation

The ion selective molecule used in this work is 18-Crown-6 (18C6), purchased
from Fluka (Buchs, Switzerland). Glycerol and 2-nitrophenyl octyl ether (NPOE)

were also obtained from Fluka. 3-nitrobenzyl alcohol 98% (NBA) was purchased
from Aldrich (Buchs, Switzerland). The graphite particulates (2 pm diameter pow¬

der) were purchased from Aldrich, and methanol (HPLC Grade) from Baker

(Deventer, Holland). Sodium chloride (NaCl) and acetate (CH^COONa) were ob-

tained from Aldrich and potassium, rubidium, cesium chloride and acetate from

Fluka.

The 18C6 ether was dissolved m distilled water m 10"2 and 10"^ M concentrations.

The salts were prepared m distilled water as 0.1 M and 10"5 M stock solutions.

I

S --^

\B |
LB

(5)
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Two-phase matrices were prepared as described by Dale et al. 35. The liquid ma¬

trix was diluted in methanol (30/70 by vol.) and an equal volume of 2 pm diam¬

eter graphite powder was added to the solution. The resulting mixture was shaken

for 30 min.

Samples with an excess of ligand were prepared as follows: ca. lpl of the matrix

solution was deposited on the sample holder. The crown ether was added to the

matrix (ca. 0.5 pi of the KL2 M solution). A solution containing two salts was pre¬

pared using the low concentration stock solutions. Volumes were adjusted to ob¬

tain the desired relative salt concentration. Approximately 0.5 pi of the aqueous

solution was added on top of the tip. Following solvent evaporation (ca. 10 min.,

dried in the air) the probe was introduced into the vacuum chamber and the mass

spectrum measured.

Samples with excess of salts were prepared as follows: the matrix solution was

deposited in the same way as described above, 0.5 ul of a 10~3 M crown solution

and 0.5 pi of a mixture of 0.1 M salt solution were then added.

Although the samples were prepared from aqueous solutions, most of the water

evaporated. During the mass spectrométrie measurements only the MALDI liq¬
uid matrix remained.

5.2.5 Influence of the laser fluence

Before trying to use MALDI in a quantitative way, the parameters influencing the

relative peak intensities for the various metal ion-crown complexes were care¬

fully studied. In particular, the laser tluence can strongly influence the relative

intensities 32. With two-phase MALDI, this was found to have a minor effect. The

laser intensity was varied by adjusting the aperture of an iris placed in the beam,

and measured with a calibrated pyroelectric detector. Samples containing 18C6

and salts were measured and the peak intensities of the complexes were evalu¬

ated for various laser energies. Although the laser fluence determines the abso¬

lute signal heights, the relative complex intensities were not found to vary strongly.
In Fig. 5.2.1 the potassium vs. cesium complex intensities stay within 30%, which

is much less than found in Ref. 32 for a solid UV-MALDI preparation. A linear

trend is, however, observed. The potassium complexes are, relative to the cesium

complexes, of smaller intensities at higher laser pulse energies.
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Fig. 5.2.1: Relative peak intensities of 18Cb ether complexed with potassium vs. cesium as afunction of the

laser pulse energy The sample zoas prepared in a two-plinse MALDI matrix using glycerol and

graphite

To avoid an additional error source the laser power was therefore kept as constant

as possible during the following experiments. The shot-to-shot reproducibility of

samples dissolved in liquid matrices has previously been shown to be consider¬

ably enhanced compared to conventional MALDI preparations 35. This was also

observed here. The sample-to-sample reproducibility was enhanced as well.

5.2.6 Determination of the relative sensitivities

As described above, relative sensitivities SAB were determined using an excess of

ligand. All salts were measured against the cesium reference salt. The salts were

dissolved in glycerol / graphite (30 / 70% v / v) and mixed with the 18C6 ether. Rela¬

tive concentrations were varied typically from 0.1 to 10. For each ratio the mass

spectrum was acquired several times and the relative integrals were calculated

for each salt/ crown ether complex. Fhese relative integrals were then plotted as a

function ot the initial relative salt concentrations. Results are shown in Fig. 5.2.2

for NaCl, KCl and RbCl vs. CsCF Divalent or trivalent metal ions were not found

to form simple complexes with the ionophore. We were therefore unsuccessful in
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applying the same procedure to complexes formed with these ions. The error bars

correspond to a standard deviation calculated from 150 laser shots. In each case, a

linear relationship was found. The slope corresponds to the inverse value of the

relative instrument sensitivity S
r ^

between the two salts (see above).

0 2 4 6 8 10

|X1/ [Cs]

Fig. 5.2.2: Relative peak intensities of'18C6 ether complexed zvith ~Sla', Kh, Rb' vs. the Csh as a function of
the Na

, K', Rb' vs the Cs' concentration ratios in glycerol. The relative efficiencies (S w) toere

obtained by taking the inverse of the linear-fit slopes as described in the text. The error bars

represent one standard deviation as calculated from 150 shots.

This value accounts for differences m ionization and desorption efficiencies, frag¬

mentation, ion transmission and detection efficiencies of the complexes. In Fig.
5.2.2 all the slopes are different from 1. A slope of 1 would have been expected if

all the complexes would have been ionized and detected with the same efficien¬

cies. Similar experiments performed with the conventional solid MALDI prepa¬

ration were not sufficiently reproducible to give well-defined SAB values.
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5.2.7 Determination of the relative stability constants

Once the relative sensitivities were known, the procedure described above was

used to obtain the relative stabilities K. The metal ion adduct peak integrals and

their respective relative sensitivities, as well as their concentrations, were intro¬

duced into Eq. 6 to obtain their relative stabilities. In Table 5.2.1 the relative stabil¬

ity constants are listed for Na, K, and Rb relative to Cs, The counter-ion was in

each case chloride and the solvent was glycerol /graphite. In the same table, the

values obtained by Man et ni. 31 with electrohydrodynamic mass spectrometry

(EFIMS) are presented, as well as the stability constants in water and methanol

measured by calorimetric titrations.

The experiments were repeated with various graphite concentrations to check its

influence on the stability constants. This was not found to have a significant ef¬

fect. The influence of the salt counter-ions was also investigated by replacing chlo¬

ride with acetate, again with no effects on the results. Values were obtained from

different samples containing various relative salt concentrations; in each case the

same stability constants were obtained.

Table 5.2.1: Relative stability constants ofsodium, potassium, rubidium, and cesium ions with 18C6 ether

normalized to the stability constant of 18Cb/Cs~ The valuesfound in voater, methanol, glycerol

luith the FHMS method^1, and gylcewhgiaplutc zvith two-phase MALDI method are shown.
*

from Refs 31,37

MALDI

Glycerol/

Graphite

K

EHMS

Glycerol

(Ref. 31)

K
...n'l Ls

Potentiometry (Ref. 38)

Methanol, 25 °C | Water, 25 °C

Logjq

Il/mol]

K„.|Cs LogKt

[1/moll

i-el Os

Na!

KJ

Rb'

Cs

0.6 ±0.2

4.7 ±0.5

1.6 ±0.3

1.0

0.4 ± 0.02

6.6 ±1.0

1.3 ±0.07

1.0

4.32 ± 0.04

6.10 ±0.04

*5.32±0.1

4.62 + 0.04

0.5 ±0.1

30.2 ±5.6

3.3 ± 0.4

i.o

0.3 ±0.1

2.06 ± 0.04

1.5 ±0.1

0.8 ± 0.1

0.31 ±0.11

18.2 ± 6.0

5.0 ± 0.8

1.0
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5.2.8 Effects of the metal ion size and of the solvent

In water, methanol, and glycerol, 18C6 ether forms more stable complexes with

potassium cations than with sodium, rubidium, or cesium ions. The diameter of

the 18C6's cavity is between 0.26 nm and 0.32 nm 38, an optimum size for potas¬

sium (ionic diameter: 0.266 nm 38). The cesium ionic diameter is 0.334 nm, which

is too large to fit entirely into the cavity. The cesium adducts, which have lower

stability constants compared to potassium, show the highest instrument sensitiv¬

ity. Instrument sensitivity and stability constants are therefore clearly not corre¬

lated: the detection efficiency for sodium adducts was found to be six times lower,

and that for potassium two times lower compared to the cesium complex. This is

remarkable since, in MALDI, many samples are detected as cationized adducts

with sodium and potassium, even if these ions are not added to the preparation

and only present in trace amounts. In glycerol, the larger the metal diameter, the

smaller its relative instrument sensitivity.

L»Cs

a) Glycerol (30% vol) / Graphite

b) NPOE (30% vol) / Graphite

c) NBA (30% vol) / Graphite

I I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I I Tl | I I I I | I I I I | t I I I [ I I I I | I I I I | I I I I | I I I I | I I I I |

260 280 VK) 120 340 360 W0 400

(m/z)

Fig. 5.2.3' Tzpo-ohasc MALDl mass spectra of three samples containing the 18Cb ether and the same amount

of sodium, potassium, and cesium chloride salts (excess of salts compared to the ligand). The

liquid matrices -were- (a) gh/c erol. (hi 'NPOE, (c) HBA "I
"

represents the ligand. In the spectra

(a) and (b) the cluster ton (Cs CD is also observed
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A very different behavior is observed if the solvent is changed to a less polar

liquid matrix. Fig. 5.2.3 shows spectra for a mixture of 18C6 and a solution of Na,

K and Cs chloride salts (1:1:1 molar cone.) with different liquid matrices: glycerol,

NPOE and NBA (dielectric constants 46.5 &, 23.9 « 22 41 at 20 °C, respectively).
All were mixed with 70% (v/v) graphite particulates. For NPOE and NBA, both

less polar solvents, the cesium complex is not seen, whereas its intensity is high
with glycerol. Two general effects may explain these differences: (i) the relative

instrument sensitivities are affected by the liquid medium. Relative sensitivities

between sodium and potassium were estimated in the three liquids. We found

SNa i kh
- 2.6, 7.4 and 4.2 in glycerol, NBA and NPOE, respectively. This large

spread of relative sensitivities shows the importance of taking this phenomenon
into account, (ii) The stability constants are also influenced by the solvent 42. As

can be seen, for instance, m Table 5.2.1, the metal ion/crown ether stability con¬

stants are quite different in glycerol, water, and methanol.

5.2.9 Comparison of the stability constants obtained by MALDI and

by other methods

The EHMS values have typical errors between 5% and 15%. The MALDI errors

were calculated from different samples containing different relative salt amounts.

Including the uncertainty m SAB, an error between 10% and 30% was found with

MALDI. The values measured with MALDI and EHMS in glycerol are very close.

This strongly suggests that both experiments give the same stability constants for

the same interacting species measured under similar conditions. Because of this

similarity and because the EHMS technique measures preformed ions contained

in the sample solution, we believe that two-phase MALDI is also able to quantita¬

tively reproduce the solution chemistry. As in aqueous solution, the Na+ / I8C6

complex in glycerol is the weakest, followed by Cs
,
Rb ', and K'. In the gas phase,

the Cs1 selectivity is the smallest, followed bv RbJ, K', and Na1 43. This difference

is a strong indication that the MALDI signals do not result from gas phase com¬

plexation. Gas phase reactions cannot be totally excluded by these experiments,

but if they happen then the}' do so with the same probability for all ions present.

It is therefore likely that, tinder the conditions described m this work, the com¬

plex ions present in the glycerol are directly desorbed into the gas phase by the

laser pulse.

The model system (metal ion /crown ether) that was chosen here is simple and

the complexes are very similar; they only differ m the metal ion. However, the
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differences in relative instrument efficiencies were large. In more complicated

systems, it is therefore vital to take into account possible differences in these rela¬

tive efficiencies even for similar compounds. Once these sensitivities are known,

two-phase MALDI could be of great interest for the investigation of non-covalently
bound molecules.

5.2.10 Conclusions

To verify whether MALDI mass spectra can, under well-chosen conditions, quan¬

titatively reflect solution chemistry, stability constants were determined by mass

spectrometry and compared with literature values obtained with a different

method. To eliminate problems due to sample crystallization in a standard solid

MALDI preparation and to improve reproducibility, we used two-phase MALDI.

As a model system, the complexes between a crown ether (18C6) and alkali metal

ions (Na% K% Rb% Cs % were investigated. In a first step the relative instrument

sensitivities of the different complexes were determined. In glycerol, these were

found to be inversely proportional to the ionic diameter of the monovalent metal

ion. A totally different behavior was observed m other liquid MALDI matrices.

This large spread in relative sensitivities shows the importance of taking this pa¬

rameter into consideration for quantitative measurements.

The relative stability constants of the 18C6 ether complexes with sodium, potas¬

sium, rubidium, and cesium were then determined in glycerol. They were found

to be similar to literature values. It was therefore concluded that, under the condi¬

tions used in this work, the MALDI results quantitatively describe the relative

concentrations of the complexes m the initial solution. If differences in ionization

efficiencies - which can be significant - are taken into account, two-phase MALDI

is a useful tool for quantitative investigations.

5.3 Summary of chapter 5

We showed that MALDI mass spectra are influenced by the sample preparation.
The pFI of the solution and the composition of the solvent affected the mass spec¬

trum patterns. From a practical point of view, sample preparations, made with

polar solvent and low pH values, were found to give the best results.

The picture that emerged from these experiments is that the relative amount of

preformed ions can be varied by changing the solution conditions. Two-phase
MALDI was found to be particularly suitable to control the ion origin. For the test
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model used in this work, the MALDI mass spectra correlated with the conditions

in the liquid. Consequentially, MALDI can, under certain conditions, reflect solu¬

tion chemistry and can be utilized, for instance, to investigate the interactions

between metal cations and crown ether. However, as the relative amount of pre¬

formed ions may change for each new chemical system, care must be taken to

check whether this correlation still exists or not. In other words, raw MALDI in¬

formation should always be interpreted with caution and test experiments should

be done to verify the relevance of the peaks.

Another major finding of Chapter 5 is that quantitative measurements are pos¬

sible with MALDI. A method using internal references was described. We found

that, even for chemically similar ions, the ionization and detection efficiency (so-

called sensitivity) can be very different. Estimation of these sensitivities should

therefore always be considered first.

The standard solid MALDI sample preparation was also found not to be optimal,

mainly due to the poor resulting shot-to-shot reproducibility of the signal intensi¬

ties. Instead, two-phase MALDI showed a less dramatic signal fluctuation.
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6. Summary and outlook

Two new ion detectors were presented in this thesis that were based on a different

principle than the standard secondary electron multipliers. Energetic ions impact¬

ing on scintillating surfaces create photons that can be detected with a photomul¬

tiplier. In the first device, called ion-to-photon detector (IPD), the primary ions

directly hit the scintillator. Its construction is very simple and robust. 24 keV ions

as large as 67'000 Da were readily detected with the IPD and a total detector re¬

sponse time on the order of 4 ns was estimated. The signal-to-noise ratio was

however poorer than the one obtained with a microchannel plate (MCP) detector.

Using single event counting techniques, it was shown that, at a given ion energy,

the efficiency of the IPD compared to the MCP decreased as the molecular mass of

the projectile increased. We estimated that small ions (<150 Da with 22keV) pro¬

duced more photons than secondary electrons.

This finding was utilized to develop a second device based on the same principle
but that included an additional element: the primary ion beam first hit a conver¬

sion dynode that fragmented the ions into smaller particles. These particles were

then accelerated onto the scintillator. This device, the ion-to-electron-to-photon
detector (IEPD), requires only an additional high voltage generator. A detector

response time similar to the one found with the IPD was observed. The signal-to-
noise was much improved and molecules as large as SOO'000 Da were detected.

Clusters with even larger masses (800'000 Da) were also measured.

Both detectors have promise for future applications. The IPD is a simple and cheap
device that is fully adapted to detect light and mid size ions. Due to its robust¬

ness, it can be operated at higher pressure. Easily miniaturized, it could be the

detector of choice for small portable mass spectrometers. The IEPD construction

is slightly more complicated but has the ability to detect very large ions. In our

experience, its sensitivity for large masses is better than that of MCPs. It is a very

versatile and fast detector that can be utilized for small and large ions. This is in
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contrast to many secondary electron multipliers that have, despite their sensitiv¬

ity for large masses, a rise time too long to be utilized for small ions. Combined

with its other advantages, the IEPD could be utilized in time-of-flight mass spec¬

trometers instead of secondary electron multipliers or MCPs.

Some directions for possible future developments and experiments to better un¬

derstand the fundamentals of these detectors are:

• A large fraction of the photons are emitted in the opposite direction to the

photomultiplier. Two possibilities for improvement are proposed: the scintil¬

lator could be covered with a metal layer. The layer has to be thin enough to

allow the electrons to pass but thick enough to form a mirror for photons. We

tested this method and deposited 40 nm of aluminum. Unfortunately the alu¬

minum strongly degraded the mass spectral quality, probably due to sputter¬

ing. Other metals need to be tested. A second possibility is to place a reflector

with a central hole in front of the scintillator that allows the secondary par¬

ticles to go through.
• Scintillation is a phenomenon that utilizes molecular fluorescence. It may be

possible to instead use vibrational de-excitation emissions (IR). As the associ¬

ated energies are much lower, the ion detection efficiencies may be increased.

Special scintillators having a strong emission m the IR range should then be

used (for example IR laser dyes). IR light is however more difficult to detect.

Some of the possibilities are: special photomultipliers, diodes or wavelength
shifters.

• It is still unclear whether the IPD has an ion number threshold for improved
detection. The experiments described in this work demonstrate that the effi¬

ciency of the IPD when used to detect ion packets may be larger than when for

single ions. Further experiments may be done to study this effect, for instance,

by projecting with an ion gun a variable amount of particles onto the scintilla¬

tor and comparing the detector count rates.

• Very large molecules preferentially fragment instead of emitting secondary
electrons upon impact onto a surface. We showed that 20 keV ions up to 800'000

Da could be detected with secondary electrons. However, primary ion detec¬

tion via secondary tons may be, tor these large compounds, an interesting al¬

ternative for increased signal intensities. For that purpose, scintillators that

can detect ions efficiently may be tested.

In the second part ot this thesis, it was shown that mass spectral quality can be

improved by using polar solvents and acidic pH. The amount of preformed ions

can be to some extent controlled by the sample conditions. Signals observed in
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some mass spectra were mainly produced by preformed ions. We showed, for

example, that two-phase MALDI mass spectra of a solution of a crown ether and

metal cations reflected the equilibrium chemistry that existed in the solution.

Quantitative MALDI measurements are possible under the condition that the ion¬

ization/desorption and transmission efficiencies of each compound contained in

the sample are first determined. The methodology was applied to the system crown

ether - metal cations described above but can be utilized for many other systems.

In particular, we would like to come back to the figure depicted in the introduc¬

tion (Chap. 1). A MALDI mass spectrum of an equimolar mixture of PEGs was

shown to illustrate the difficulties in doing quantitative measurements with this

method. From the spectrum, it seemed that direct quantitative measurements were

not possible. However, the relative efficiencies of each polymer can also be esti¬

mated by varying their relative concentrations. After correcting with these effi¬

ciencies, quantitative information should be possible to obtain. Similarly, other

chemical systems may also benefit from this procedure enabling MALDI to add

quantitative information to its powerful ionization capabilities.



Chaptei 6
142

J>*AîfVx t

.»«s»,



143

Publications

The following publications based on the work described in this thesis have al¬

ready appeared or have been submitted:

• F. Dubois, R. Knochenmuss, R.J.J. Steenvoorden, K. Breuker and R. Zenobi, Eur.

J. Mass Spectrom. 2, 167-172 (1996): "On the mechanism and control of salt-in¬

duced resolution loss in matrix-assisted laser desorption/ionization."

• F. Dubois, R. Knochenmuss and R. Zenobi, Int. J. Mass Spectrom. Ion Processes

169/170, 89-98 (1997): "An ion-to-photon conversion detector for mass spec¬

trometry."

• F. Dubois, R. Knochenmuss, R. Zenobi, A. Brunelle, C. Deprun and Y. Le Beyec,

Rapid Commun. Mass Spectrom. 13, 786-791 (1999): "A comparison between ion-

to-photon and microchannel plate detectors."

• F. Dubois, R. Knochenmuss and R. Zenobi, submitted to Rapid Commun. Mass

Spectrom. (1999): "Optimization of an ion-to-photon detector for detecting large

molecules in mass spectrometry."

• F. Dubois, R. Knochenmuss and R. Zenobi, submitted to Eur. J. Mass Spectrom.

(1999): "Can complexation constants in solution be measured by MALDI mass

spectrometry?."



144

^*c*^
.-„«* i

4 -•"''>> e;fe,.
,.,

(.tW^t*
s

V. v* «



145

Curriculum Vitae

1969 born on October 30, in Lausanne, Switzerland

1975-1980 primary school, Le Mont

1980-1986 secondary school, Lausanne

1986-1990 high school, Lausanne

1990-1994 undergraduate studies in chemical engineering, Swiss Federal Insti¬

tute of Technology Lausanne.

1995 diploma thesis in electrochemistry with Prof. H. Girault, Swiss Fed¬

eral Institute ot Technology Lausanne. Title: "Etude des transferts

d'électrons à travers l'interface liquide-liquide".

1995-1999 Ph. D. thesis in analytical chemistry, Swiss Federal Institute of Tech¬

nology Zurich, under the direction of Prof. Dr. R. Zenobi. Title: "Ion

formation and detection in MALDI mass spectrometry".

1998 4 month project at the University of Paris-Sud, group of Prof. Dr. Y.

Le Beyec.

Frédéric Dubois


