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Abstract

Experimental investigation o f  several matrix m olecules commonly used in matrix- 

assisted laser desorption/ionisation (M ALDI) mass spectrometry has provided the basis 

for modelling matrix ionisation within MALDI. Improvements in sample preparation, and 

in particular the formation o f  optically thin matrix films by sublimation-deposition, have 

made possible the optical characterisation o f  M ALDI matrix molecules. These 

investigations have yielded estimates o f  several molecular photophysical parameters 

relevant to M ALDI, e g. ground state absorption coefficient, a, fluorescence decay rates 

and fluorescence quantum efficiencies. Furthermore, the strong relationship between a  

and the degree o f  matrix ionisation observed due to  pulsed laser irradiation has been 

demonstrated. Based on this information an excited-state ionisation model has been  

developed wherein a tw o-photon excited state o f  the m olecule draws upon its vibrational 

energy to undergo thermal ionisation. Ionisation is assumed to  occur within the laser- 

desorbed gas-phase plume, which provides rapid (ps) thermal equilibration o f  vibrational 

energy, and within the laser pulse duration itself. Predictions o f  this model show  

excellent agreement with experiment both in terms o f  the strong pow er scaling with laser 

fluence F (~F 10) and in the total ion yield (^lO -6) and suggests this ionisation route as a 

plausible alternative to  multiple photon ionisation, It is hoped that the matrix 

photophysical data and ionisation modelling will enable further theoretical treatment o f  

various aspects o f  M ALDI and that the better understanding lent to  the subject will 

ultimately result in improved experimental practise.
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1. Introduction

Over the past ten years, matrix-assisted laser desorption/ionisation (M ALDI) has 

emerged as a powerful analytical tool in supporting the production o f  intact gas phase 

ions o f  large (>  10 kDa) biological and synthetic m olecules before mass spectrometric 

analysis. M ALDI is an attractive technique since a wide range o f  different m olecules 

have been successfully analysed including mixtures o f  different analyte species, only very 

small amounts o f  analyte are required (routinely fmol - pmol), analyte fragmentation is 

minimal, there exists a relatively high tolerance to contaminants and the time required for 

preparation and analysis is short (typically <  1 hour).

Although initially confined to a research environment, the potential o f  M ALDI to  

provide an accurate and rapid method o f  high mass analysis quickly led to the technique 

assuming commercial importance and is now  commonplace in many biochemistry and 

chemistry laboratories. Furthermore, the particular suitability o f  M ALDI to time-of-flight 

(TOF) mass spectrometers led to  great improvements being made in TOF 

instrumentation and a concomitant improvement in M ALDI analysis. These 

improvements have allowed M ALDI-TOF mass spectrometry to  com pete, in terms o f  

mass resolution, with other techniques capable o f  high mass analysis, chiefly electrospray 

ionisation with a Fourier transform ion cyclotron resonance mass spectrometer for 

analysis.

Briefly, ‘M A L D F describes the processes resulting from pulsed laser irradiation 

o f  a ‘matrix’ crystal containing analyte m olecules. Matrix m olecules are generally, but 

not always, aromatic m olecules o f  molecular weight between 150 - 250 D a and are 

chosen to  absorb the (usually U V ) laser radiation. Analyte m olecules are most commonly 

embedded within the matrix crystal structure by co-crystallisation o f  the respective 

solutions. Laser irradiation causes desorption and ionisation o f  both matrix and analyte 

m olecules, usually into an evacuated source region o f  a mass spectrometer. H owever, in 

the absence o f  a suitable matrix m olecule, the production o f  high mass ions (>  10 kDa) 

cannot be supported.
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An improved understanding o f  the main processes in M ALDI has been gained 

since its introduction. For example, it is now  thought that matrix desorption results 

directly from absorption o f  laser light but that analyte m olecules becom e entrained in the 

expanding matrix plume and thus are carried into the gas phase. Furthermore, the 

desorption step in M ALDI has been treated with som e success, most notably by 

molecular modelling. In terms o f  ionisation, one o f  the proposed routes suggests that 

matrix ionisation proceeds as electron loss within the laser pulse, forming the m+ ion, 

followed by hydrogen transfer with other matrices to form [m+H]+. It is then the [m+H]+ 

ions that undergoes collisional charge transfer reactions with gas phase analyte 

molecules. H owever, the absence o f  a mathematical description o f  the ionisation step has 

been conspicuous and is principally due to a lack o f  data on matrix molecules. One might 

argue, though, that a better understanding o f  ionisation mechanisms can only lead to  

improved performance o f  M ALDI as a whole.

In essence, the work described herein has been aimed at alleviating to  some 

extent this deficiency in the understanding o f  M ALDI, through improved sample 

preparations allowing data pertaining to  matrix m olecules to  be obtained and culminating 

in modelling o f  matrix ionisation. The initial ionisation step to  form m+ is selected as the 

specific ionisation step to model since all other subsequent ions depend directly on the 

numbers o f  m+ produced. This thesis, therefore, is structured in the following way:

Chapter 2 contains a review o f  the literature on M ALDI, from its introduction to  

the current level o f  performance. Little space is given to the different types o f  molecule 

analysed, rather the understanding o f  the mechanisms involved in M ALDI is focussed  

upon with attention also being given to experimental and instrumental considerations.

Chapter 3 describes an experimental study o f  different sample preparations, 

principally o f  matrices, performed with a v iew  to  improving M ALDI performance and, 

more importantly, producing samples o f  sufficiently high uniformity to be useful in 

quantitative optical measurements. Refrigeration drying o f  matrix solutions and 

subsequent mechanical crushing o f  the resulting crystals yielded samples that displayed a 

lower threshold fluence for the observation o f  ions in a TOF mass spectrometer than 

standard samples. Furthermore, these samples were up to  60  pm  thick and covered
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several mm2, displaying excellent surface flatness over this area. Vacuum sublimation- 

deposition o f  matrices onto fused silica or glass substrates was also investigated and 

allowed optically thin films consisting o f  sub-micron sized crystallites and covering  

several cm2 to  be grown in a controlled manner. A  detailed description o f  the mass 

spectrometer used throughout this work is also given, and an isolated study o f  protein 

clustering conducted on this instrument is described in Appendix A.

Chapter 4 provides details o f  the first quantitative optical absorption 

measurements on solid state matrices which were made possible by the improvements in 

sample preparation described in Chapter 3. Furthermore, ion production in M ALDI was 

found to  depend very strongly on the solid state matrix absorption coefficient, a, at the 

laser wavelength. Indeed, 3,4,5-trihydroxybenzoic acid, previously thought to be a poor 

example o f  a M ALDI matrix, has been demonstrated to support the effective desorption 

and ionisation o f  a protein species by changing the irradiating laser wavelength to  

increase a.

Chapter 5 describes an extensive study o f  the fluorescence o f  matrix solid films 

and solutions. Various analytical techniques were employed in order to  determine several 

matrix parameters important to  the modelling o f  matrix ionisation, including: 

fluorescence quantum efficiencies, singlet-ground decay rates and the 0 -0  ground-singlet 

transition energy. The chapter concludes with an analysis o f  previously published 

fluorescence data to  provide an estimate o f  the singlet-singlet interaction rate constant 

which describes interaction between photoexcited matrix molecules.

In Chapter 6 a new  model based on excited state thermal ionisation (ESTI) is 

proposed to account for matrix ionisation caused by the incident U V  laser energy. 

Essentially, a gas phase matrix m olecule is assumed to absorb tw o laser photons to  

becom e highly excited. Interaction between the m olecule’s vibrational and electronic 

wavefunctions (vibronic interaction) allows the photoexcited electron to draw upon the 

(thermal) energy within vibrational m odes and be ejected. Singlet state populations were 

initially calculated analytically for a square-shaped temporal laser pulse, with the 

ionisation step being modelled numerically. The predicted ESTI ion yield dependence on 

laser fluence shows good  agreement with experiment, unlike photoionisation modelling
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assuming the step-w ise absorption o f  three photons. The model calculations were then 

developed to becom e wholly numerical, allowing ESTI ion yields to be calculated for 

more realistic temporal laser pulse shapes. It is also shown that the ESTI step occurs on 

a shorter timescale than the laser pulse, thus preserving the capacity for good  mass 

resolution.

Chapter 7 initially focusses on the inclusion o f  several matrix processes that were 

for simplicity neglected in the modelling in Chapter 6. Temperature-dependent heat 

capacity, triplet states and excited state interactions all affected the level o f  matrix 

ionisation significantly, whereas electron-ion recombination, thermionic cooling and 

‘fluorescence heating’ were shown to have a negligible contributory effect. These effects 

were then included within the model and the ESTI yield dependence on several 

parameters assessed. Perhaps m ost notably, this modelling o f  ESTI indicated that the ion 

yield will go  through a maximum at a certain laser pulse length before starting to reduce 

again. This is due to  the conflicting needs o f  obtaining a sufficiently high population 

density o f  the high lying electronic state, from where thermal ionisation may take place, 

and a sufficiently high matrix temperature, which is governed largely by the singlet- 

ground relaxation rate. The former is increased by high irradiance, short laser pulses 

whereas the latter tends to increase for low  irradiance, long laser pulses. Other 

comparisons made with experiment, particularly where changes in laser wavelength or 

pulse length have been made, lend further support to  ESTI being the dominant initial 

form o f  ionisation within M ALDI.

Chapter 8 contains a summary o f  the main features o f  this thesis before 

commenting on possible future research activity. The publications that have resulted 

from this work are listed in Appendix C for convenience.
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2 Literature Review

2.1 General Overview

From its introduction in 1988 [1], matrix-assisted laser desorption/ionisation 

(M ALDI) showed great potential as a technique for producing intact gas-phase ions o f  

large (>  10 kDa) naturally occuring and synthetic polymers. Frequency quadrupled 

N d:Y A G  (A, =  266  nm) pulsed laser irradiation o f  a nicotinic acid (matrix) crystal 

containing dilute quantities o f  analyte m olecules (100:1 matrix: analyte molar ratio) 

yielded positively-charged intact analyte ions o f  molecular weight (M .W .) up to  ~  67  

kDa (bovine serum albumin, B SA ), detected on a tim e-of-flight mass spectrometer 

(TOF-M S). Alm ost simultaneously, Tanaka et ah [2] observed similar results for 

proteins and synthetic polymers by using N 2 laser radiation (A =  337 nm) and a matrix 

mixture o f  glycerol and fine (300A ) cobalt powder. These observations were o f  

immediate interest in mass spectrometry since the practical mass limit for the production 

o f  intact laser desorbed ions had previously been ~  1 kDa for biopolymers and 9 kDa for 

synthetic polymers [3], H owever, nicotinic acid initially allowed an analyte sensitivity 

three orders o f  magnitude greater than with the glycerol/cobalt matrix (pmol rather than 

nmol) and thus superseded the latter technique. Following its announcement, rapid 

developments in M ALDI occured, including: detection o f  proteins o f  M .W , ~  150 kDa  

(bovine immunoglobulin G, IgG) [4] and protein clusters o f  M .W , ~  200  kDa (B S A  

trimer) [5], negative ion spectra [4 ,6], analysis o f  synthetic polymers [7], mass 

resolutions (m/5m)FWHM *  500 for M .W . <  20  kDa [6] and a 0.01%  mass assignment 

accuracy using TOF-M S [8], Furthermore, the short (<  1 hour) time for sample 

preparation and analysis, the relative insensitivity o f  M ALDI to  impurities and 

contaminants [8], the introduction o f  matrices effective at the N 2 laser wavelength [9-12] 

and the subsequent fem tom ole analyte sensitivity attained [12] quickly led to  M ALDI 

becom ing a commercially available tool for chemists and biologists.

Analysis o f  M ALDI products with magnetic sector [13 ,14], quadrupole ion trap 

[15] and, m ost notably, Fourier transform ion cyclotron resonance (FTICR) [16-22] 

instruments improved the mass resolution and accuracy compared to  standard TOF-M S;
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for example, M ALDI FTICR analysis has achieved (m /S m ^ m i *  90 000 for bovine 

insulin (M.W. =  5733.5 Da) [18, 22] and (m/5m)FwnM *  1 500 000 for bradykinin (M.W. 

«  1060 Da) [19], sub-femtomole sensitivity [23] and a mass assignment accuracy o f  

better than 12 ppm [24,25], Electrospray ionisation (ESI) [26,27] has emerged as a 

complementary, or perhaps rival, technique to  M ALDI in providing an expedient and 

efficient method o f  producing intact high mass ions. ESI is generally better suited to the 

above (non-pulsed) mass spectrometers but suffers from producing very many multiply 

charged ions o f  each analyte species rendering analysis o f  mixed analyte samples highly 

com plex [28],

H owever, more recent developments in M ALDI TOF-MS have seen the 

technique attain attom ole sensitivity [29], a mass limit o f  ~  1 M Da [30,31], a mass 

assignment accuracy o f  better than 10 ppm [32] and (m/5m)FWHM ** 12 500 for bovine 

insulin [33] using delayed ion extraction (see § 2.5). Furthermore, the different samples 

analysed with M ALDI now  include: low  molecular weight m olecules ( e g .  

monosaccharides and amino acids) [34-36], D N A  [37-48], R N A  [49],

oligodeoxynucleotides [50], synthetic polymers [51-63], fossil fuels [64-68], vitamins 

[69], oligosaccharides [70-73], peptides [74-78] as w ell as a range o f  globular [1,4,5], 

fibrillary [79], en2ymatic [1 ,4-6 ,80], odorant binding [81] and highly glycosylated  

[80,82], Naturally occuring protein and peptide mixtures have also been analysed 

including those present in milk [83-85], bacteria [86], vitreous humuor [87] and neurons 

[88],

2.2 Sample Preparation

The simplest method o f  M ALDI sample preparation is the original dried droplet 

technique [1,3-5]. A  premixed solution containing both matrix and analyte m olecules is 

deposited onto a substrate (alternatively, matrix and analyte solutions can be mixed on 

the substrate) and is allowed to crystallise, usually in air at room  temperature [1,3-6] but 

sometimes under a stream o f  dry nitrogen [89] or hot air [90], Typical solution  

concentrations are 10 g litre'1 for matrices and between 0 . 1 - 1  g.litre'1 for analytes, with  

the solutions being mixed equivolumetrically. Samples can further be washed with
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purified water [6] to  remove surface contaminants such as alkali metals, inorganic salts, 

detergents and involatile liquids. The substrates are usually metallic (e g. A g [3,4], A1 

[3], Pt [8], stainless steel [6]) plates, foil or pins, depending on the mass spectrometer 

although non-metallic substrates have been used [91-95] as ion-exchange media in order 

to  increase detection sensitivity and tolerance to  impurities. Solvents used are typically a 

mixture o f  water and an organic solvent (e g. acetonitrile, methanol, ethanol), often with 

a small addition (0.1 % vol.) o f  trifluoroacetic acid (TFA; CF3COOH) to  improve matrix 

solubility. The choice o f  solvent for each matrix can influence the efficiency o f  M ALDI 

[95] although care should be taken that analyte m olecules are not fragmented or 

modified in solution.

The crystals produced using the dried-droplet method are often highly 

heterogeneous in nature and thus reduce the spot-to-spot reproducibility o f  M ALDI 

signals. Attempts to  improve the sample hom ogeneity have included: spin-coated 

samples [96], recrystallising dried samples by depositing further solvent [96], growing o f  

protein-doped matrix single crystals [97], air-brushing [98] or electrospraying [99,100] a 

premix solution onto the substrate and the formation o f  matrix thin films. Thin films have 

been produced by rapid solvent evaporation (acetone) [101] and by smearing matrix 

crystals with a glass slide [102], Analyte m olecules are incorporated into the matrix by 

subsequent deposition o f  a premix solution, with the original matrix film acting as a 

growth template. In this case the samples display a greater degree o f  hom ogeneity than is 

observed with simple dried-droplet preparation. This bears similarities to  the method o f  

drying a pure matrix solution and then depositing analyte solution for the case o f  analyte 

insolubility in water [103], Introduction o f  a premix solution to  the mass spectrometer in 

aerosol form [104-106] eliminates the need for a substrate and a greater degree o f  

hom ogeneity can be achieved by controlling the size o f  aerosols. Alternatively, signal 

reproducibility from dried-droplet samples can be improved by using relatively large laser 

spot sizes [107],
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2.3 Physical Processes

Over the past ten years, a general picture o f  the basic steps in M ALDI has 

emerged, albeit highly qualitative in form. The current understanding o f  the physical 

processes involved in M ALDI is now  briefly described:

2.3.1 Crystal Structure

Solution grown matrix crystals can be up to  1 cm in length and are o f  non- 

uniform thickness and distribution on the substrate [96,97], although their appearance 

varies from compound to compound. An important facet o f  M ALDI matrices is the 

ability to  incorporate analyte m olecules within their crystal structure. Spectrophotometry 

o f  single crystals formed from a mixed solution o f  the matrix 2,5-dihydroxybenzoic acid 

(2 ,5-D H B ) and horse heart cytochrome c (M .W . 12 360 D a) [12] showed the solid 

matrix: analyte ratio to  be approximately that o f  the original solution, although at higher 

analyte solution concentrations the crystal matrix: analyte ratio tended to saturate. M ass 

spectrometric analysis o f  the crystals suggested the analyte m olecules to  be 

hom ogeneously distributed throughout the matrix crystal whilst X-ray analysis showed  

the 2,5-D H B  crystal structure to be largely undisturbed at large matrix:analyte mass 

ratios (~ 104) [12], Another matrix, sinapinic acid, w as shown to  incorporate proteins 

preferentially into one crystal plane [108], an observation later noted for 2,5-D H B  [109], 

This has been attributed to  matrix dimers forming planar structures held to  each other by 

hydrogen bonding [108-110]. Hydrophobic m olecules such as proteins can then be 

incorporated between these matrix sheets as other directions have stronger hydrophilic 

reactions [108], This incorporation and isolation o f  proteins is in preference to the 

inclusion o f  contaminants to  the M ALDI process [97 ,102], the proteins crystallising 

before the more soluble contaminants e g. inorganic salts [107]. A s the deposited  

matrix: analyte ratio decreases, pure analyte crystals form on the substrate [90 ,111] in 

addition to  the analyte-doped matrix crystals, consistent with the observation o f  analyte 

concentration saturation in matrix crystals, mentioned above.
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2.3.2 Energy Absorption

It is assumed that most o f  the laser energy incident on a M ALDI sample is 

absorbed in matrix m olecules since analyte absorption is usually very weak at the exciting 

wavelength (by design). For U V  wavelengths, absorption is observed as a vibronic 

transition in matrix molecules. The lack o f  samples o f  uniform, sub-micron thickness 

possessing large areal coverage (~  1 cm2) suitable for measuring solid state matrix 

absorption coefficients, a ,  has led to  the use o f  arbitrary units rather than absolute values 

for a  [109], Solution phase absorption measurements [108,109 ,112-114] have been used  

to estimate a  for modelling purposes [115] and suggest the solid phase absorption depth, 

at the wavelengths o f  interest, to  be a few  hundred nanometres. H owever, it is known  

that molecular crystals often have modified optical spectra as compared to their solutions 

[109] and hence estimates o f  a  from solution measurements may be subject to  

considerable uncertainty. Furthermore, the maximum matrix absorption cross-section  

may change (usually increase) in a transition from the solid to the gas-phase in the 

M ALDI desorption step [116].

Following the absorption o f  a U V  photon, m olecules will relax to the low est 

available vibrational level in the low est excited electronic singlet state, Si, on a 

picosecond timescale [117], M olecules may then either undergo intersystem crossing to  

the triplet manifold or relax to  the ground state, So, by radiative (fluorescence) or 

non-radiative (internal conversion) mechanisms (see Chapter 5 for details). Matrix 

fluorescence quantum efficiencies have been estimated to  be between 0.11 - 0 .20  and the 

total decay lifetime o f  Si to  be between 3 - 5 ns [109,118] (see Chapter 5 for details). 

Internal conversion processes will lead to  heating o f  the matrix m olecules. Matrix 

absorption from Si or triplet states could possibly lead to  cyclic non-radiative relaxation 

resulting in the rapid heating o f  matrices ( c f  ref 119 for polymers under intense U V  

illumination).

Changes in laser wavelength have been used to  tune to  the maximum in matrix 

U V  absorption and hence lower the threshold fluence for the observation o f  ions [113]. 

H owever, tuning IR laser wavelengths across an absorption band w as reported as having
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little effect on the M ALDI process [120], In one study it has even been suggested that 

absorptivity has little influence on M ALDI as a whole, although in that study several 

other molecular parameters also changed [121],

D ue to  the lack o f  analyte fragmentation in M ALDI, it is thought that the 

temperature o f  analyte m olecules remains relatively low  throughout the desorption 

process. The energy transfer within an analyte-doped matrix crystal undergoing 

desorption has been modelled with the rate o f  transfer from matrix to analyte m olecules 

being a slow  (non-resonant) process compared with fast matrix-matrix and matrix-lattice 

interactions [115]. The result w as a ‘bottleneck’ in the temperature o f  the analyte 

m olecules, this rising by only ~  100 K in 100 ns compared to  a rapid rise in the matrix 

temperature o f  ~  500 K in less than 20 ns.

2.3.3 Desorption and Ionisation

Although desorption and ionisation both deserve independent treatment, many 

experiments and m odels are presented in terms o f  ion yield, i.e. dependent on both 

desorption and ionisation, hence their combination into one section here. A s a note on 

terminology, within the mass spectrometry community the term desorption describes the 

production o f  intact gas-phase m olecules, regardless o f  the mechanism [122], and not 

simply the opposite process to  surface adsorption.

Desorption is thought to  com m ence promptly, taking place within the (ns) laser 

pulse [123], Several measurements o f  initial velocity [98 ,124-127] and angular 

distributions [109,128] o f  desorbed M ALDI species have been made. M otion is directed 

away from the substrate and matrix ions display a bi-modal axial velocity, having a fast 

m ode velocity o f  between 1000 - 1500 m .s'1 [109,124] and a slow  m ode velocity o f  

between 300 - 800 m .s'1 [98 ,99 ,124], depending on the experimental conditions and the 

particular matrix used [129], Such a distribution bears a close similarity with that o f  

directly desorbed C6o [130], the slow  m ode having a translational temperature close to  

the sample surface temperature. Analyte ions, despite their much larger mass, possess  

velocities matching those o f  the slower matrix m ode [98,99,124] and, interestingly, the 

slow  m ode matrix ion signal is reduced when analyte m olecules are present in the sample
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[99], The angular distribution o f  ion velocities does not follow  a cosO law, expected for a 

thermal emission process, but instead a co J 40 law has been reported [99] highlighting 

the directed nature o f  the desorbed plume (although, the plume is directed slightly 

towards the direction o f  laser incidence and not normal to  the substrate [99,131]). 

Furthermore, samples with a greater surface coverage, thus giving a larger desorption 

yield, provide plumes with less radial divergence and a greater axial velocity [132],

It is therefore thought that desorbed matrix m olecules undergo a jet-like 

expansion with analyte m olecules becoming entrained in the slower matrix mode 

[98,99,124-128], The jet expansion, which supports rapid (<  10 ps) intermolecular 

(matrix) energy redistribution [133], serves to  vibrationally cool m olecules thus largely 

preventing analyte m olecules from fragmenting. This has been modelled by giving matrix 

m olecules in an analyte-doped crystal a stepwise increase in temperature to  simulate 

absorption o f  laser energy [134]; a higher matrix temperature rise actually gave a lower  

analyte temperature rise since desorption was more com plete and an analyte m olecule 

underwent fewer collisions with ‘hot’ matrix m olecules. This is in contrast to original 

proposals that analyte m olecules with several attached matrix m olecules are desorbed 

and that subsequent evaporation o f  the matrices from these clusters provides the cooling  

mechanism [5],

In terms o f  desorption mechanisms, Vertes and Gijbels [133] present phase 

explosion and pressure pulse ejection as plausible m odels for desorption, with phonon 

avalanche, electronic transitions and stress-induced cracking regarded as unlikely 

contributory processes. Johnson [135] details quasi-thermal evaporation, layer-by-layer 

ejection and a pressure pulse model as possible desorption mechanisms. Quasi-thermal 

evaporation is argued to  display a strong power law dependence upon laser fluence 

whilst layer-by-layer ejection (with negligible solid-phase thermal transport) is suggested  

to  display a threshold fluence that is dependent on the laser beam angle o f  incidence. 

Johnson suggests that desorption might com m ence as quasi-thermal evaporation at low  

fluences with either layer-by-layer or volum e (pressure pulse) ejection becoming 

dominant at higher fluences.
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M olecular dynamics simulations have been performed to model M ALDI 

desorption [136,137], Zhigilei et al [136] used a breathing sphere model for m olecules 

to allow photochemical fragmentation and approximate internal degrees o f  freedom. The 

modelled desorbed plume possessed axially oriented kinetic energy due to laser induced 

pressure expansion with m olecules gaining a maximum velocity o f  between 600 - 1500 

m .s'1, dependent on fluence. At low  fluences, intense surface vaporisation o f  single gas- 

phase m olecules appeared to dominate. At higher fluences, an additional process o f  

collective ejection (ablation) o f  m olecules and clusters was observed, producing higher 

plume velocities than for sublimation. These (modelled) observations are in good  

agreement with experiment and lend weight to  the suggestion that M ALDI desorption 

evolves from tw o different mechanisms, as outlined above.

Analyte ionisation can take place over several hundreds o f  nanoseconds [5,126], 

This usually takes the forms o f  protonation ([M +H ]+, where M  represents an analyte 

m olecule) or cationisation ([M +N a]+ or [M +K]+) for positive ions and deprotonation 

([M -H]') for negative ions [5 ,133 ,138], although the radical molecular ion (M  ) has been 

observed for synthetic polymer analytes [139], Interestingly, it has been commented that 

positively charged analyte ions undergo a greater degree o f  fragmentation than negative 

ions [140], Another comm on observation is that o f  matrix adduction to analyte ions (e  g. 

[M +m]+, where m represents a matrix m olecule) [8], a feature o f  matrices that is 

considered undesirable since it may limit resolution o f  analyte peaks. A lso, analyte ions 

are commonly observed to contain more than one charge (e g. [M +2H ]2+; see refs. 1-5). 

Cationisation usually diminishes with successive irradiation o f  a sample region since N a+ 

and K+ ions are situated close to the surface o f  matrix crystals [107] but w as shown to be 

greatly enhanced by desorbing analyte m olecules into a N a+ rich environment and 

delaying the extraction field by a few  hundred nanoseconds [141], This, coupled with the 

long analyte ionisation times (see above), led to  gas-phase reactions being considered the 

most likely analyte ionisation route [141], Although special cases have shown analyte 

ions to  exist in matrix crystals [142-144], generally analyte ions do not appear until many 

neutral m olecules have been desorbed (e g. ref. 145), in support o f  gas-phase analyte 

ionisation.
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Matrix ion suppression [90,146,147] at the expense o f  the formation o f  analyte 

ions clearly shows analyte protonation to arise from matrix-analyte collisional reactions. 

This is supported by the kinetic overlap between desorbed analyte m olecules and the 

slow  matrix m ode, described above. In terms o f  the formation o f  [M +H ]+ analyte ions for 

U V -M A LD I, the proton donor is considered to  be either a matrix ion (usually [m +H]+)

[109.138.148] or an excited matrix m olecule (m*) [121 ,147,149,150], For the former 

process, radical molecular matrix ions (m+) are often assumed to  be precursor ions

[109.138.148] from which photochemical reactions create ions with different numbers o f  

protons, characteristic to  each matrix (e  g. [m+H]+) [138], m+ ions are formed early in 

the incident laser pulse [118] and are proposed to result from collisional interactions 

between tw o photoexcited matrix m olecules [138], Usually, both m+ and [m+H]+ ions are 

observed in M ALDI mass spectra [151] although matrices at room temperature that fail 

to  yield m+ ions can do so i f  cooled to  77 K prior to  irradiation [149], supporting the 

hypothesis o f  precursor ions. Furthermore, thermalisation o f  laser energy by rear-side 

desorption [152] yielded no m+ or [M +H ]+ ions, suggesting photoexcitation is a pre

requisite to  their formation. For the alternative case o f  excited-state matrix-analyte 

proton transfer, matrix and analyte ion formation are considered as com petitive rather 

than consecutive. H eavy atom substitution into matrices [121] increases the rate o f  

intersystem crossing to  the triplet manifold, thus increasing the lifetime o f  excited  

matrices. This was accompanied by an increase in the number o f  ions observed and w as  

presented as evidence in favour o f  excited-state proton transfer.

Typically 103 - 104 matrix m olecules are desorbed before ionisation takes place 

[125 ,153], although neutrals may be photoionised by a second (V U V ) laser (e  g. refs. 

98,145).

The variation o f  M ALDI signals with laser fluence (F) or irradiance (I) is often  

expressed in terms o f  a pow er law relationship. The analyte ion signal is observed to rise 

steeply upon first being detected, reach a maximum level and then slow ly decreasing with 

increasing fluence [122]. The neutral matrix desorption yield has been observed to  scale 

as ~  I1 "3 [153], matrix ions as ~  I2 ' 4 [153] and analyte ions as ~  I4 *6 [125], H owever, 

more rigorous measurements with a 3 ns (FW HM ) N 2 laser showed neutral matrix 

desorption to  vary as ~  F6 before saturating at fluences where matrix m+ ions appeared,
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the ion signal increasing as ~  F 10 5 before reaching a plateau [145J. Analyte ions showed  

an identical fluence dependence to  matrix ions. Furthermore, the neutral matrix yield 

showed a square dependence upon the laser spot area (A ) whilst that o f  matrix ions 

varied with A3. The strong dependence o f  the matrix ion yield on fluence was explained 

in terms o f  Johnson’s quasi-thermal sublimation desorption model [135], described 

above. Interestingly, repetition o f  these experiments with a 0.55 ns (FW HM ) N 2 laser 

[154] showed neutral and ionised matrix signals to  appear at fluences higher than for 3 ns 

irradiation, despite the irradiance being almost a factor o f  6  times greater for the short 

laser pulse.

A  phenomenological model [116] has been used to  replicate the analyte ion 

dependence on irradiance given by Ens et al (~  I4 ' 6; see above) [125] and from varying 

laser focal spot diameters by changing the distance between sample and lens [155]; a 

Gaussian laser irradiance profile is assumed with local sample regions that receive greater 

than the thereshold energy emitting a fixed number o f  gas-phase ions. H owever, this is in 

contradiction to  later experiments described above where the ion yield is truly shown to  

be a function o f  fluence by using an imaged laser beam [145,154].

Laser thresholds have been given both in terms o f  irradiance (e g. refs. 122 and 

125) and fluence (e  g. refs. 155 and 156) although Beavis [116] hinted at neither 

irradiance or fluence being the governing parameter but rather a combination o f  the tw o, 

i.e. sufficient energy over a sufficiently short length o f  time. The threshold laser 

irradiance, Ilh) and fluence, Fa,, have been defined in many different w ays but Dreisewerd  

et al [147] noted that they will tend to be specific for the onset o f  the detection o f  ions in 

a particular mass spectrometer.

Id, for analyte ions using typical laser pulse lengths (3 - 20  ns) appears to  be in the 

1 - 2  M W .cm'2 region [98,122 ,125] but reported values o f  Fa, have a much larger range 

o f  1 - 50 mJ.cm'2 [135 ,145 ,155 ,157,158], Reports o f  matrix and analyte thresholds have 

disagreed in showing them to  be equal [145] or different (matrix Fu, <  analyte Fa,) 

[98,128 ,158] although the increase in Fa, with analyte mass [156] and the existence o f  a 

matrix: analyte ratio giving a minimum analyte Fa, [157] support the likelihood o f  unequal 

threshold values. Fth decreases when irradiating single crystals rather than dried-droplet
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samples [12] and liquid rather than solid matrices [158] but remains constant for both 

positive and negative ions [158], Fth was observed to have a cosO relationship with the 

laser angle o f  incidence [156] and was thus argued to support Johnson’s pressure-pulse 

model o f  desorption [135] (see above), although the experimental data do not separate 

desorption from ionisation. Fth w as determined to  be approximately equal for 3 ns and 

560 fs pulse length lasers [160] and fluence w as therefore argued to be o f  more 

importance than irradiance. H owever, the ion yield - fluence relationships were markedly 

different for the tw o pulse lengths and so different desorption or ionisation mechanisms 

may be involved. Interestingly, tw o collinear sub-threshold laser pulses (each 0 .6  Fth) 

were used for M ALDI [161] and an optimum delay time between the pulses observed. 

Repeated irradiation o f  a dried-droplet sample reduces the ion yield and increases F* 

[128 ,158], possibly due to photochemical changes in the matrix m olecules or that Fth 

depends on local crystal size. H owever, these sample exposure effects are not reported 

for single crystal samples [12].

2.3.4 Post-source Decay

Post-source decay (PSD ), or metastable decay, describes the post-acceleration  

fragmentation o f  m olecules, i.e. in the field-free flight tube for TOF-M S. The degree o f  

analyte P SD  generally increases with laser fluence [109], although exceptions to  this rule 

have been reported [127], Analyte PSD  is observed to decrease with repeated irradiation 

o f  a sample region [158] and is dependent on the matrix. For example, a -cyan o-4-  

hydroxycinnamic acid (a-C H C ) can prom ote analyte PSD  strongly [162,163] due to its 

low  proton affinity [82,150 ,164] and (consequent) high enthalpy o f  formation o f  [m +H ]+ 

[165], PSD  w as regarded as a drawback in M ALDI for several years [1 ,3 ,5 ,115] but 

more recent analysis using reflectron-TOF-M S [126] with delayed ion extraction (see  

§2.5) [166], has allowed sequence specific cleavages in carbohydrates, oligosaccharides, 

oligonucleotides and peptides to  be observed [35 ,71 ,78 ,167-170], PSD  therefore 

provides a M ALDI sequencing technique complementary to collisionally induced 

dissociation (CID) [69,172-177] and chemical pre-treatment [36,44,77],
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2.3.5 Clustering

Analyte m olecules in M ALDI have a tendency to  self-associate and form clusters 

[1 ,4 ,5 ,37], although it is not clear whether clustering takes place in solution, during 

crystallisation or in the gas-phase desorbed plume. Studies have shown that solution  

[177] or gas-phase [178] aggregation are both possible, although clustering has also been 

observed only for the first laser pulse incident on a given sample position [179], Clusters 

o f  up to  the 26-m er o f  bovine insulin (M .W . ~  149 kDa) [180], the 15-mer o f  chicken 

egg lysozym e (M .W . ~  215 kDa) [181] and the 8-mer o f  B S A  (M .W . > 500 kDa) [181] 

have been observed without any special preparative procedures. Increasing laser fluence 

[180], increasing analyte concentration [182], utilising matrices with a relatively high 

proton affinity, e  g. sinapinic acid [182], and the use o f  a conductive substrate [182] all 

enhance cluster formation. H owever, low  proton affinity matrices, e g. a-C H C  (see  

§2.3.4), or a non-conductive substrate increase the number o f  charges available and thus 

promote mutliple charging o f  analytes rather than clustering [182], Multiply charged 

analyte clusters are readily observed though, e  g. the doubly charged carbonic anhydrase 

trimer [20],

2.4 Matrices and Lasers

Useful M ALDI matrices tend to  be organic m olecules in the 150 - 250  D a mass 

range. Qualities o f  matrices that enhance their performance in M ALDI can be derived 

from the previous sections in this chapter and may be summarised as: •

•  Strong absorption at laser wavelength

•  L ow  sublimation temperature

•  Non-discriminatory inclusion o f  analyte m olecules into their crystal structure

•  Insensitivity to  contaminants

•  Support desorption o f  analyte m olecules

•  Efficiently ionise analyte m olecules

•  Display a low  degree o f  adduction to analyte ions
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The ‘trial and error’ basis upon which matrix screening has been based is a result 

o f  this w ide range o f  criteria and that no chemical group is essential in matrix compounds 

[6,149,183],

Commonly used matrices for UV -M A LD I include ferulic acid [9,10], sinapinic 

acid [9 ,10], 2,5-D H B  [12] and 2-(4-hydroxyphenylazo)benzoic acid (H A BA ) [7] for 

general (high M .W .) analysis [12] and a-C H C  [11], picolinic acid [49], 3-aminopicolinic 

acid [38] and 3-hydroxypicolinic acid [39] for analysis o f  low  mass proteins, peptides 

and D N A . Less common U V  matrices include basic m olecules for acid sensitive species 

[184], liquids [160], laser dyes [185,186] and many others for specific analyte analysis 

[8 ,56,74 ,75 ,112 ,114 ,187-189], IR matrices include the more common U V  matrices as 

well as urea and several carboxylic acids e g. glycerol and triethanolamine [190], 

Furthermore, the use o f  tw o or more compounds to  form a co-matrix can improve 

analyte sensitivity and mass resolution [8 ,110,178,191-195],

Originally, 266 nm radiation was used in M ALDI, either from a frequency 

quadrupled N d:Y A G  laser [1,5,6] or a frequency doubled excimer-pumped dye laser [4], 

although the early matrices supported the use o f  248 nm (KrF excimer laser) radiation 

[111], The discovery o f  matrices suitable for different wavelengths allowed the use o f  

XeCl (308 nm) [125], N 2 (337  nm) [138], p-terphenyl dye (343 nm) [146], XeF (353  

nm) [26,196] and frequency tripled Nd:Y A G  (355 nm) [9,10] lasers in the UV. 

Furthermore, Er:YAG (2.94 pm ) [190], C 0 2 (10 .6  pm) [197], and free-electron [198] 

lasers and a Cr:LiSAF-pumped optical parametric oscillator (2.65 - 3,2 pm ) [120] have 

been used for IR irradiation, whilst a frequency doubled Nd:Y AG  laser (532 nm) [186] 

has provided a visible wavelength source.

2.5 Time-of-flight Mass Spectrometers

M ALDI and TOF-M S complement each other well since M ALDI is a pulsed 

technique (a pre-requisite for TOF-M S), creating mainly singly charged monomer ions o f  

M .W , ~  10s D a or greater, and TOF-M S is highly sensitive and has a theoretically 

unlimited mass detection limit.
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The simplest TOF-M S consists o f  an ion source region with an applied DC  

extraction field (typically 15 - 30 kV  over 1 cm) that accelerates ions, and a field-free 

flight tube, at the termination o f  which the ion is detected and its time o f  arrival 

recorded. Both regions are evacuated to increase the mean free path between collisions. 

Cotter [199] gives a mathematical treatment o f  simple TOF-M S, providing an expression 

for the highest attainable mass resolution and highighting the quadratic relationship 

between the mass to charge ratio o f  an ion (m /z) and its flight time (t). This relationship 

leads the simplest form o f  TOF-M S calibration [8]:

—  = A t2 + B  2.1
z

where A  and B are calibration coefficients. Calibration can be achieved by using 

the arrival time o f  tw o peaks o f  known mass, either as part o f  the spectrum to be 

calibrated (internal calibration [8 ,80 ,122]) or in a separate reference spectrum (external 

calibration [87]), and solving eqn. 2.1. H owever, changes in laser fluence and matrix can 

affect the calibration [87] due to variation in the initial velocity distribution o f  desorbed 

species. The relative mass independence o f  initial analyte velocities [98,109 ,124] (see  

§2.3.3) can create inaccuracies i f  calibrating using eqn. 2.1 although this can be alleviated 

by using calibration schemes that include initial ion velocities [200,201], For synthetic 

polymers with a regular repeat unit, self-calibration based upon the mass difference 

between successive peaks can be applied [53,54],

Improvements to  simple TOF-M S, for example, post-source focussing [202], 

pulsed extraction [203] and, more importantly, delayed extraction [32 ,33 ,204-210], have 

allowed the mass resolution to  be improved greatly as described in §2.1 above. Typical 

delayed extraction times are o f  between 350 - 1 000 ns [33,204] although much longer 

6 - 7 ps delays have been used [205].

A  wire ion guide, along the central axis o f  the flight tube and held at a low  

potential ( -1 0 0  V ), improves the transmission efficiency o f  ions by focussing their 

trajectories and also improves the m ass resolution [211], A  bipolar pulse placed onto a
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wire ion guide can have the added effect o f  reducing the number o f  fast, low  mass 

(matrix) ions that strike the detector [212], This is also achieved by employing X Y  

deflection plates, located immediately following the source chamber, with a pulsed 

monopolar potential [80], Reflectrons (ion mirrors) are often used either to  improve the 

mass resolution by compensating for the velocity spread in each ion species [1 ,33], or for 

the analysis o f  PSD  [35 ,71 ,78 ,167 ,213-215] and CID [174,214] fragments. Curved field 

reflectrons, carefully operated, offer further improvements in mass resolution and 

fragment analysis [175,214,216-218], Other modifications include an rf-ion trap source 

to  act as a CID cell [171 ,219-222] and orthogonal desorption o f  ions into the extraction 

field to  minimise velocity distribution effects [223],

Ions are m ost usually detected by using a hybrid multichannel plate (M CP) /  

electron multiplier arrangement (e g. ref. 224). These detectors do, however, suffer from  

an electron or secondary ion emission yield that varies with the mass and kinetic energy 

o f  the incident species [224-227], leading to mass discrimination effects [225,228], 

Despite this, and the varying efficiencies for different species, it has been shown to  be 

possible to  conduct quantitative M ALDI analysis [229,230], Alternative detectors have 

included a ‘Faraday cup’ ion-collector [231 ,232], an inductive detector [233], a 

superconducting tunnel junction detector [234] and a quartz crystal microbalance for 

detection o f  all desorbed m olecules [128],
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3 Sample Preparation

3.1 Introduction

A s described in §2.2, the samples produced for M ALDI mass spectrometric 

analysis are highly non-uniform in appearance causing quantitative experiments to  be 

subject to  a considerable degree o f  uncertainty. This chapter describes efforts to  

reproducibly improve the controlled growth and uniformity o f  matrix samples. A  brief 

description o f  instrumentation used is follow ed by an assessment o f  different preparative 

procedures.

3.2 Instrumentation

All M ALDI mass analysis was performed using a V estec Researchtec tim e-of- 

flight (TOF) mass spectrometer (VESTEC Corp., H ouston, TX ), shown schematically in 

fig. 3.1. Up to 24 stainless steel sample pins, tapered to 2 mm in diameter at each end to  

support samples, could be loaded into a carousel holder that allowed each target pin to  

be rotated about its long axis ensuring accessibility o f  the desorbing laser beam to  all 

sample regions. W ith the carousel in place within the ion source chamber, a CCD camera 

/  monitor link allowed an approximately x  100 magnified view  o f  the selected sample tip. 

The target area was irradiated using either a N 2 laser (337  nm wavelength, 3 ns pulse 

width; type V SL - 337N D ; Laser Sciences Inc., Cambridge, M A ) or a XeCl excimer 

laser (308 nm wavelength, 10 ns pulse width; model 1030, Questek Inc., Bedford, M A), 

both operated at ~  1 H z with a measured ±  10 % fluctuation in pulse-to-pulse energy. 

Laser beams were attenuated using either a stepper m otor driven fused silica w edge  

attenuator (935-5-O PT; New port, Fountain Valley, CA) or filters made from aluminium- 

coated fused silica slides. The 45° angle made betw een the focussed laser beam and the 

sample surface gave laser spot sizes o f  typically 200  x 300 pm 2 (area based on  

measurements o f  laser spots on undeveloped Ilford FP4 [Ilford Ltd., Cheshire, UK ] black 

and w hite photographic film). Either positively or negatively charged desorbed ions were  

then accelerated by typically 25 keV  throught a tw o-stage extraction geometry (12  mm
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Figure 3.1. Schematic diagram o f a Vestec Researchtec time-of-flight mass spectrometer.



total length) before entering a field-free flight tube o f  length 1.2 m. The ion source 

chamber and the flight tube were differentially pumped with turbo-molecular pumps to  

pressures o f  ~  lO“6 torr and ~  5 x 10'9 torr respectively. Ion detection at the termination 

o f  the flight tube was achieved by using a hybrid microchannel plate (M CP, 1390-2500; 

Galileo Electro-optics Corp., Sturbridge, M A ) - dynode electron multiplier (R2362; 

Hammamatsu Corp., M iddlesex, NJ) system, optimised for sensitivity by application o f  a 

3.6 kV accelerating potential. A  500 M Hz TDS 520 Tektronix oscilloscope (Tektronix 

Inc., Beaverton, OR), triggered by the arrival o f  the laser beam, digitised the ion detector 

output and enabled averaging o f  the spectra resulting from successive laser pulses. 

Transfer o f  data to  a PC and subsequent analysis using GRAM S software (Galactic 

Industries Corporation, Salem, N H ) enabled conversion from time-of-flight to mass 

spectra. The reflectron (ion mirror) and X Y  deflection plates on the mass spectrometer 

were not used in the present work.

Scanning electron m icroscopy (SEM ; Stereoscan 360, Cambridge Instruments, 

Cambridge, U K  and Stereoscan 200, Leica, Cambridge, UK ) o f  samples sputter-coated 

with a 200  - 300 A  gold layer was performed at an electron acceleration potential o f  15 

kV  and a variable working distance.

Thickness measurements o f  samples deposited from solution were performed on 

a high resolution metallurgical optical m icroscope (Olympus BHM , ±  2 pm depth 

resolution; Olympus Optical Co. Ltd., Tokyo, Japan). Sublimed film thicknesses were 

estimated using a Dektak 3ST profiler (Sloan Technical Division, V eeco  Co. Inc., Santa 

Barbara, CA) with a 2.5 pm  diameter stylus.
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3.3 Standard Methodologies

Six matrices were chosen for study: ferulic acid (3-methoxy-4-hydroxycinnamic 

acid), sinapinic acid (3,5-dimethoxy-4-hydroxycinamic acid), 2,5-dihydroxybenzoic acid 

(2 ,5-D H B ), a-cyano-4-hydroxycinnamic acid (a-C H C ), coumarin 120 (7-am ino-4- 

methylcoumarin) and nicotinic acid (pyridine-3-carboxylic acid), and the chemical 

structures o f  four o f  these compounds are shown in fig. 3.2. The proteins bovine insulin 

(M.W . =  5733.5 Da) and chicken egg lysozym e (M.W . =  14 306 Da) were used as 

analytes in the assessment o f  preparation techniques. All samples were obtained from  

Aldrich Chemical Company Ltd. (Gillingham, UK ) with the exception coumarin 120 

which was supplied by Lambda Physik (Gottingen, Germany). All compounds were used 

as supplied (stated purity 97 - 99.5 %) without any further purification.

The m ost common form o f  sample preparation for M ALDI samples is the dried- 

droplet method from solutions, described briefly in §2.2. Ferulic acid, sinapinic acid and 

a-C H C  (cinammic acid derivatives) were dissolved in 30% acetonitrile (ACN; aq) with 

0.1%  trifluoroacetic acid (TFA) added to the mixed solution, 2,5-D H B  in 10% ethanol 

(aq) +  0.1%  TFA, coumarin 120 in 50:50 ACN:methanol +  0.1%  TFA and nicotinic acid 

in H 2O + 0.1%  TFA. Proteins were dissolved in 30% A C N (aq) +  0.1%  TFA when used 

with a cinnamic acid derivative matrix or H2O +  0.1% TFA for all other matrices. 

Typical solution concentrations were 10 g,litre'1 for matrices and 1 g litre'1 for proteins. 

All solutions were placed in an ultrasonic bath for between 5 - 1 0  minutes to  ensure the 

removal o f  all solid material into solution. Standard dried-droplet samples were prepared 

by the deposition onto TOF pin substrates o f  either 1.5 plitre matrix solution and 1,5 

plitre analyte solution or 3 plitre o f  a pre-mixed (equivolum e) matrix-analyte solution 

follow ed by air-drying at room  temperature.
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Ferulic Acid a-Cyano-4-hydroxycinnamic Acid 
(a-CIIC)

COOH

2,5-Dihydroxybenzoic Acid 
(2,5-DHB)

Figure 3,2. Chemical structures of several common MALDI matrices



3.4 Solution-based Samples

3.4.1 Preparation

In addition to the 10 g.litre'1 matrix solutions for standard dried-droplet samples, 

15 g. litre'1 and 30 g. litre'1 solutions were used, although the latter concentration was 

often above the saturation point o f  the solvent; the saturated solutions were, therefore, 

centrifuged and the supernatant liquid removed with a pipette. When using 30 g.litre'1 

based matrix solutions, proteins w ere dissolved to  a concentration o f  2 g.litre'1 in the 

saturated solution. M ixed matrix-analyte samples were deposited as described in §3.3 

whereas pure matrix samples were formed by depositing 2 plitre o f  matrix solution onto  

a TOF pin substrate before air-drying.

Samples based on either the 10 or 15 g. litre'1 matrix solutions were prepared for 

mass spectrometric or SEM  analysis in one o f  the following ways:

i. standard dried-droplet;

ii. spin-coating: air-dried at room  temperature at ~  300 r.p.m.;

iii. refrigeration: air-dried at ~  2.25°C;

iv. crushed: air-dried at room  temperature and crushed,

v. refrigeration and crushing (RC): air-dried at ~  2 .25°C  and crushed,

vi. refrigeration, crushing and recrystallisation (recrystallised-RC): as v. follow ed by 

application o f  1 plitre solvent and air-dried at ~  2.25°C.

Saturated solutions were deposited in one o f  four ways:

i. 2 plitre deposited on pin substrate, air-dried at room  temperature; procedure 

repeated, crushed,

ii. 2 plitre deposited on pin substrate, air-dried at room  temperature, crushed, w hole  

procedure repeated;

iii. 100 plitre deposited on 12.7 mm diameter, 6  mm thick soda lima glass disc, air- 

dried at room  temperature; procedure repeated; crushed,
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iv. 100 {¿litre deposited on 12.7 mm diameter, 6  mm thick soda lima glass disc, air-

dried at room  temperature, crushed, w hole procedure repeated.

The stainless steel pins used in SEM  analysis were ground with 240 grit 

metallographic grinding paper to remove their tapered end and give a diameter o f  

approximately 2.2 mm. A  few  pins were polished with 1000 grit metallographic grinding 

paper and 60 pm lapping paper to  give a much reduced surface roughness. Sample 

crushing was achieved using a polished aluminium plate with force being exerted 

manually through an elastic rod [102], A  little lateral rotation o f  the aluminium during 

crushing enhanced the quality o f  the samples but care had to  be taken that the film was 

not destroyed by excessive movement o f  the aluminium.

3.4.2 Morphology

A s noted in the Introduction (§3 .1 ), dried-droplet samples suffer from poor 

homogeneity. The crystals in such samples vary in their size, orientation, phase and 

distribution across the substrate. Even isolated crystals may be highly heterogeneous, as 

can be seen from the SEM  micrograph in fig. 3.3 which show s an a-C H C  dendritic phase 

crystal. This crystal phase for the a-C H C  matrix was sometimes quite prevalent within 

the standard dried-droplet samples, its dendritic structure being an artifact o f  fast solvent 

evaporation leading to  an inefficient diffusion o f  released latent heat energy.

Refrigerated drying increased the drying time o f  2 {¿litre samples on tapered pins 

from approximately 15 minutes at room  temperature to  approximately 25 minutes. The 

effects o f  refrigeration on sample morphology can be seen in fig. 3 .4 , showing 

micrographs o f  both refrigerated and room  temperature dried-droplet samples o f  ferulic 

acid and a-C H C . The slower drying in a refrigerated atmosphere induces a more 

hom ogeneous crystal growth with a greater level o f  m acroscopic uniformity than for 

room  temperature evaporation. In particular, when compared to  room  temperature 

drying, the refrigerated ferulic acid needle-like crystals display a greater radial 

directionality on the circularly tipped pins (fig. 3.4b) and refrigerated a-C H C  samples 

show  a more even distribution o f  crystals across the substrate (fig. 3.4d), Furthermore,
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Figure 3.3. Scanning electron micrograph of a dendritic phase 

a-cyano-4-hydroxycinnainic acid crystal.



Figure 3.4. SEM micrographs illustrating the macroscopic effect of refrigerated drying on MALDI samples (10 g.litre"1); 
ferulic acid: (a) room temperature dried-droplet, (b) refrigerated evaporation; a-cyano-4-hydroxycinnamic acid:

(c) room temperature dned-droplet, (d) refrigerated evaporation.



the dendritic phase a-C H C  crystal observed in samples dried at room  temperature (figs. 

3.3 and 3 .4c) were found in a much reduced abundance within refrigerated samples. The 

size o f  the crystals remained largely unaffected by the increased drying time, with ferulic 

acid crystals retaining a long axis length o f  ~  1 mm and a-C H C  crystal dimensions 

remaining at approximately 30 x  40  pm2.

Crushing samples with aluminium produced films o f  the material on the substrate, 

as reported for glass [102]. H owever, these films were formed over a wider area when  

crushing with aluminium than with glass, presumably because the metal is a softer 

material than glass (M ohs scale o f  hardness: aluminium »  2-3 , glass »  4 .5 -6 .5 ) and its 

resultant deformation allows a larger effective ‘contact’ area. Thus aluminium will 

compensate more for the almost certainly non-parallel contact betw een substrate and 

crushing material than glass will. Indeed, a depression in the aluminium surface was 

visible after crushing which corresponded to  deformative contact w ith the substrate. 

Furthermore, greater pressure could be exerted onto the substrate with aluminium 

without incurring failure due to fracture as w as often the case with glass. Brass, stainless 

steel and a single crystal silicon wafer were also used to  crush samples but aluminium 

proved to be the better material in terms o f  film reproducibility, quality and coverage. A  

few  samples were deposited onto the stainless steel pins that had been highly polished 

but these lacked cohesivity with the substrate and were removed almost completely by 

crushing.

D ue to an insufficient amount o f  deposited material, the 10 g.litre'1 matrix based 

samples never com pletely covered a sample substrate although it should be noted that 

after crushing, a little deposited material was observed to  be smeared onto the 

aluminium. Figure 3.5 show s micrographs o f  crushed ferulic acid (figs. 3.5b-d) with a 

dried-droplet ferulic acid sample (fig. 3.5a) for comparison. A  region o f  crushed matrix 

o f  approximately 1 mm2 is visible (fig. 3.5b), having a thickness o f  up to  25 j.tm, and the 

extent to  which sample uniformity is improved over dried-droplet samples is evident 

(compare fig. 3.5a). W hen view ed at higher magnifications (figs. 3 .5c and d), the 

somewhat granular appearance o f  the samples, with dimensions from hundreds o f  

nanometres to  one micrometre, suggests that crushing standard M ALDI matrices creates



Figure 3.5. SEM micrographs of (a) ferulic acid dried-droplet sample, (b) crushed ferulic acid sample and 
(c) - (d) a crushed femlic acid film at higher magnifications, all from 10 g.litre'1 samples.



a highly polycrystalline thin film with the larger dried-droplet crystals having been broken 

dow n mechanically. In general, crushed sinapinic acid samples showed substrate 

coverage similar to  ferulic acid (fig. 3.5b), a-C H C  and coumarin 120 showed evenly 

distributed but incomplete substrate coverage and 2,5-D H B  samples were mainly 

concentrated around the edges o f  the substrate. Highly magnified SEM  observations 

showed the different matrices to be remarkably similar in appearance, all displaying the 

sub-micron granularity described above. The inclusion o f  analyte protein m olecules did 

not have any visible effect on the sample morphology.

With recrystallisation o f  samples being achieved by the application o f  1 plitre o f  

solvent to  a crushed sample, 15 g. litre'1 ferulic acid crushed and recrystallised-crushed 

samples are shown in fig. 3 .6  a and b, respectively. Recrystallisation o f  ferulic acid 

appears to  produce a large number o f  small crystals with a long axis length o f  

approximately 10 jam. Presumably, the crushed polycrystalline film provides a growth  

environment rich in nucleation sites for any recrystallisation, hence the array o f  small 

crystals seen in fig. 3.6b.

Using a saturated matrix solution allowed a larger amount o f  material to  be 

crystallised onto a pin from each deposited volume. The effect o f  this, upon either 

crushing procedure (i or ii), w as to  produce films o f  between 12 - 30 jam thickness 

covering larger areas o f  sample pins than for the 10 g. litre'1 based samples. H owever, 

small areas o f  the substrate again remained uncovered due to  the removal o f  the sample 

onto the aluminium. Figure 3.7, showing a micrograph o f  a crushed saturated sinapinic 

acid /  chicken egg  lysozym e sample, demonstrates the existence o f  tw o morphological 

phases within the crushed film. Principally it is com posed o f  a highly polycrystalline 

layer, with feature sizes <  100 nm, and small (< 500 nm diameter) crystallites protruding 

from the surface. It is noteworthy that the magnification in fig. 3 .7  approaches the 

resolution limit o f  the SEM  for these samples and yet the granular nature o f  the film is 

only marginally evident. This limit is set by the back-scatter o f  electrons from the 

sputtered gold coating on  the samples (a coating necessary to ensure the electrical 

conductivity o f  the surfaces) which displays large atomic number contrast to  that o f  the 

low  atomic mass elements in the matrices, and the inherently low  resolution with which
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Figure 3.6. Micrographs of (a) 15 g.litre'1 crushed ferulic acid and 

(b) 15 g.litre'1 crushed ferulic acid, recrystallised by the application of

1 plitre of solvent.



Figure 3.7. Micrograph of a crushed sample comprising sinapinic acid 

(30 g.litre'1) and chicken egg lysozyme.



features are observed when relying upon topographical differences. Figure 3.7 does, 

however, represent the averaging o f  several scans to improve the image sharpness. The 

dimensions and morphology described above are typical for all o f  the matrices used, 

regardless o f  whether or not a larger ‘analyte’ m olecule w as included in the sample 

preparation.

Depositing and crushing dried concentrated solutions on glass disc substrates 

proved to  further enhance the quality o f  the films, both in terms o f  areal coverage and 

surface m orphology, as illustrated in the micrographs in fig. 3.8. The dimensions o f  the 

film displayed are approximately 4 x 2  mm2 in area (fig. 3.8a) and between 45 - 60 pm  

thick, the film appearing to  be highly uniform across the entire region. Higher 

magnification observations (figs. 3.8b - d) showed a vast improvement in the surface 

roughness o f  the films over dried-droplet and crushed samples prepared on stainless steel 

pins. A s the magnification approaches the resolution limit o f  the SEM  (fig. 3.8d), the tw o  

morphological phases noted above are again evident. H owever, the granularity o f  the 

polycrystalline film is reduced in dimensions compared to that for samples prepared on  

stainless steel pins and the number-density o f  small crystallites protruding from the films 

is lower than previously observed.

The reproducibility o f  films formed from saturated solutions w as such that 

approximately half o f  the samples achieved in excess o f  70 % substrate coverage.

3.4.3 Threshold Fluences

There have been numerous methods o f  defining the ‘threshold fluence’ or 

‘threshold irradiance’ for desorbed ions [128 ,145 ,155 ,158 ,159 ,235] in M ALDI and 

because o f  this it is impossible to  rigorously compare data from different sources. 

N onetheless, individual experiments are o f  value in terms o f  the comparison they provide 

within themselves. In the present study using the mass spectrometer, the average 

molecular ion intensity was plotted as a function o f  fluence on logarithmic axes, the 

intersection o f  the linear fit o f  these points and the signal-to-noise (S /N ) =  2 line being 

defined as the threshold fluence for ion detection, F,h. This procedure is illustrated in fig. 

3.9. Each point was found by averaging the molecular ion intensity from between 4 - 8
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Figure 3.8. SEM micrographs of crushed ferulic acid, fabricated from a 30 g.litre! solution deposited on a soda lime glass 
substrate. Micrograph (a) displays the general uniformity of the sample, (b) - (c) show the surface in more detail, and id) taken at 

high magnification, illustrates the both the reduced dimensions of the film granularity and the reduced number densit\ of small
crystallites present in samples crushed on glass rather than stainless steel
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for ion detection, F*.



spectra, each o f  4  - 6 shots and taken from different sample spots under nominally 

identical experimental conditions.

The measured peak signal intensity at different fluences for crushed and dried- 

droplet preparations o f  ferulic acid are shown in fig. 3.10. The error bar indicates one  

standard deviation o f  error in the ion data and is representative o f  all o f  the points. 

H owever, the fluctuation in laser fluence has been omitted from fig. 3.10. Obviously, the 

analysis o f  an increased number o f  spectra will reduce statistical errors in the data, 

although the detected matrix ion signals do initially show  close agreement with a power 

law dependence on fluence before tending to saturate. The values o f  these power 

dependencies are approximately 9 .7  and 10.5 for the crushed and dried-droplet samples 

respectively, in keeping with the high ion-fluence power law relationships that have been  

reported previously [125,145], Values o f  Fth, as defined above, for samples prepared 

using the tw o techniques are designated in fig. 3 .10 using arrows,

Table 3.1 summarises the results o f  different preparation techniques for the 

matrices studied. 2 plitre aliquots o f  10 g.litre'1 matrix solutions w ere used throughout 

with the exception o f  coumarin 120 where only 1 pilitre was deposited due to  the lower 

viscosity o f  the solvent used. Pure matrix samples were investigated, rather than those  

incorporating proteins, to  allow results to  be more readily interpreted. The m ost striking 

observation is the drop in F,h for crushed samples from the standard dried-droplet 

samples, the decrease being ~  15% for ferulic acid, 2 ,5-D H B  and a-C H C . The 

recrystallised-RC samples, characterised by microcrystal formation, show  F,h to  lie 

between the crushed and dried-droplet values. Refrigeration-dried and spin-coated ferulic 

acid samples show  a negligible change in F* from that o f  dried-droplet samples.

One explanation for the reduced threshold fluence o f  a sm ooth, crushed sample 

might be found in terms o f  the lower effective surface area this presents to  the incoming 

laser beam. W e postulate that the desorption ion yield, Y, is a function o f  the mean laser 

energy deposited per unit volum e o f  the sample, (r), o f  the form.

3,1
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Figure 3,10. Determination o f threshold fluence for detection o f ferulic acid 

ions using crushed and dried-droplet preparations.



Sa m pl e  P r epa r a tio n

Dried-
droplet

Spin-
coated

Refrigerated
(R)

Crushed

( Q

RC RC-
recrystallised

M a t r ix Flu e n c e

(mJ.cm'2)
Per c e n t a g e  D e c r e a se  in  T h r esh o l d  Fl u e n c e  
Co m p a r e d  w ith  D r ie d - sro plet  P r e p a r a t io n

Ferulic Acid 11.2 3 % 2 % 14% 14% 13%
DHB 17.1 1 % — - 15% 9 %

Sinapinic
Acid

11.6 - - - 8 % -

cc-CHC 4.9 - - - 16% -

Coumarin
120

7.1 - — - 3 % -

Table 3.1. Threshold fluence, F,t„ for the observation of molecular ions of

five different matrices from room temperature dried-droplet samples and the

percentage decrease in F,/, for various other sample preparations.



where A is a constant for a fixed laser spot size. To describe different surface 

roughnesses, £  w e assume that this can be expressed in terms o f  a ripple amplitude, <*o, 

and characteristic spatial period, A, (fig. 3.11) such that 4=t;ocos2nx/A. For a material 

exhibiting a com plex refractive index TT = n + ik (n ~ 1.5, £  ~  0.1 for M ALDI matrices 

[115]) with 1? «  1 such that the real form for Snell’s law is approximately valid [236], 

the spatially averaged (r) is found to be:

(r) =  { l -  R (0)]F oa c o s 0
sin2 0  + 2 n 2

(> ZX2) (x «  0 3.2

where z = ^ 3 sin2 0  -  co s2 Qj + 2 n 2 jy/^sin2 0 + 2 n 2) ,  x=^on/A and a=4nk/X is

the absorption coefficient with X being the laser vacuum wavelength. Fo is the fluence o f  

the incoming beam normal to  its propagation direction, 0 is the angle o f  incidence made 

with the (mean) surface (see fig. 3.11)  and R(0) the surface reflection loss.

I f  the threshold for desorption and ionisation is taken to be defined by some 

minimum ion signal, Ymin, (instrumentally defined), then from equations 3.1 and 3.2 the 

threshold fluence for a given sample at a fixed angle o f  incidence is

Ff t = F 0 c o s e  = B(Yn,i„ ) !" ' ( l - z x 1) ' '  3.3

where

B  =
<A.

1/
/m 1__________ 2n

( l -  R )a  ^2n2 + s i n 2 0)
3.4

There is thus a reduction in Fo, i f  the surface roughness, characterised by the 

parameter x, decreases; this arises because o f  the lower effective area o f  the smooth 

sample.
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Figure 3.11. Surface roughness characterised by a ripple amplitude £ 

and period A of the form 4 = cos • The incidence 

angle of the incoming beam to the (mean) surface is /.



3.4.4 Sample Performance

The standard (10 g.litre'1 matrix : 1 g.litre'1 analyte) RC (refrigerated and 

crushed) samples for mass spectrometry proved to  have good pulse-to-pulse and spot-to- 

spot reproducibility for the analyte ion yield and it was very unusual for a fresh site not 

to  yield signals. For example, at a fluence approximately 30 % greater than that required 

to observe an analyte ion, an insulin monomer peak from a ferulic acid matrix could be 

seen consistently and reproducibly for up to  15 consecutive shots at a single spot 

although such a peak was only seen for a maximum o f  50 shots from any one irradiated 

site. Dried-droplet samples, however, have been reported on many occasions to yield 

analyte ions consistently for several hundred shots (see, for example, reference 128). 

That crushing M ALDI samples lowers the maximum number o f  shots that each give rise 

to  a detectable analyte ion signal from a single desorption site is consistent with the 

suggestions made by the Uppsala group [128] that smaller crystals yield analyte ions at 

lower fluences than larger crystals and are therefore depleted o f  the analyte m olecules 

over successive laser pulses more quickly.

Figure 3.12 shows a positive ion time-of-flight mass spectrum o f  bovine insulin, 

prepared in a RC ferulic acid matrix. The spectrum is displayed having been smoothed to  

a minimal extent in order to  improve the S /N  ratio o f  the peaks and was obtained at a 

fluence approximately 30 % above the threshold for observation o f  an analyte monomer 

ion. The singly charged insulin signal ([M +H ]f) is shown with a measured peak width 

(FW HM ) o f  ~  5.6 Da, giving a mass resolution (m/8m) o f - 1 0 2 0 ,  such a resolution is 

reproducible with RC samples and represents a good  degree o f  accuracy for a linear TOF 

instrument with a DC accelerating field and an improvement in the resolution obtainable 

compared to  standard dried-droplet samples when utilising such an instrument. A s the 

fluence w as decreased, the ion signal intensity was reduced, as expected, and spectra 

could be obtained with peak-widths even lower than that observed in fig. 3.12. H owever, 

such high resolution spectra are probably a result o f  only a few  (<10) analyte ions 

striking the high gain dynode detector. It is unlikely that a realistic analyte isotopic mass 

distribution will be provided by such a small number o f  ions, the peak-widths measured 

being more representative o f  the instrumental response time.
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Mass (M/Z)

Figure 3.12. Single shot positive ion time-of-flight mass spectrum of bovine 

insulin from a refrigeration dried, crushed ferulic acid matrix, dislayed with 

minimal smoothening to improve the signal-to-noise ratio o f the peaks. The 

peak shown represents the insulin monomer ion and was obtained at a 

fluence ~  30 % above threshold.



RC samples prepared from saturated matrix solutions generally gave a higher 

proportion o f  matrix and impurity adduction to  analyte molecular ions. For this reason 

they were regarded as inferior to the 10 g.litre'1 based RC samples for the purposes o f  

mass analysis since a greater degree o f  adduction will decrease the resolution o f  the 

associated signal peaks. The mass resolution displayed in fig. 3.12 was not achieved by 

crushing samples alone; refrigeration o f  the samples appeared to positively influence the 

quality o f  the spectra obtained. Since refrigerated drying increased the time taken for 

com plete solvent evaporation, a few  samples (10 g.litre'1 matrix solutions, 1 g.litre'1 

analyte solutions) w ere dried in a slight overpressure o f  the solvent to  further increase 

the drying time, again at ~  2.25°C. M ass spectra from these samples showed analyte 

molecular ion peaks with a slow ly decaying tail on the high mass side due to  severe, non- 

resolved adduction.

Similar spectra to  that shown in fig. 3.12 w ere achieved for RC samples 

containing substance P (M.W . =  1347.6 D a), bison heart cytochrom e c (M.W . =  12,327  

Da) and chicken egg  lysozym e (M .W . =  14,306 Da) although the high resolutions could  

not be repeated for the proteins bovine serum albumin (M .W . ~  67 ,000) and bovine 

immunoglobulin G (M.W . ~  150,000 Da). Peaks with a high mass resolution continued 

to  have a low  S /N  ratio.

3.5 Sublimed Films

Although the crushed samples described in the previous section have shown  

dramatic improvements in surface uniformity compared with dried-droplet samples, there 

still exists a lack o f  control over substrate coverage and film thicknesses. Furthermore, 

the films formed by crushing are far too  thick (12 - 60 pm) to  allow  U V  transmission 

spectroscopy. D espite the crushed films displaying a lower value o f  Fth and improved 

analyte mass resolutions than dried-droplet samples, further improvements were sought 

so that meaningful characterisation o f  solid matrices could be carried out.

To this end, samples formed by sublimation-deposition onto fused silica 

m icroscope slides at room  temperature (see fig. 3.13)  were investigated. The sublimation

31



To «  
Vacuum

HEAT

Figure 3.13. Sublimation cell for préparation of matrix thin films.



vessel w as fabricated in Pyrex (Com ing Corp., Corning, N Y ) and the source-substrate 

distance was either 8 or 10 cm. B y control o f  the source temperature (70-100°C ) and 

deposition time (< 20 mins), films o f  thickness in the range 50 - 600 nm could be grown. 

The deposition rate (<  1 nm/s) varied strongly between the various materials sublimed 

because o f  differences in their temperature-vapour pressure relationships. The flight path 

for deposition was maintained at a technical vacuum o f  ~10 '5 torr, the major contribution 

to  this pressure being sublimed material (the compounds investigated commonly have 

finite vapour pressures even at room temperature).

The resultant films were transparent, nearly colourless and displayed negligible 

optical scattering, although optical interference fringes could be observed during the film  

growth. Optical m icroscopic inspection o f  coumarin 120 films showed them to  be finely 

polycrystalline on a micron or sub-micron scale. W hen examined at higher magnifications 

by SEM  analysis, this micron sized structure appeared to  be the exposed facets o f  a 

dense layer o f  ~  0.3 pm  (=  300nm ) diameter crystallites lying at random angles (fig. 

3.14). 2,5-D H B  films w ere observed to  be very similar to sublimed coumarin 120, but 

ferulic acid samples retained som e similarity o f  appearance to samples formed from dried 

solutions, consisting o f  coalescent needle-like features (fig. 3.15).

The ability to  measure film thicknesses accurately is critical for quantitative 

absorption measurements. Prior to  stylus-profiling, small areas o f  the films were removed 

either with a focused U V  laser ( -1  mm2) or mechanical scoring (lines ~  1 pm wide); the 

objective w as to produce an observable step in thickness within the same area as had 

been earlier utilized for optical transmission measurement (see Chapter 4). The influence 

o f  the profilometer stylus load on the measured compacted mass thickness was 

investigated using 2,5-D H B  as the test film. The results (fig. 3 . 16a) showed the effective 

thickness to  decrease steadily with increasing load, and above 10-20 mg reached an 

approximately constant value o f  ~  70% that for minimal loading. In obtaining profile 

traces (see  fig. 3.16b) for the measurement o f  film thicknesses a stylus load o f  10 m g w as  

thus chosen. Loads less than this presumably gave larger effective values o f  thickness 

due to  the stylus following the surface roughness and incomplete compression o f  the 

slightly porous sample. Stylus loads much greater than 10 m g, however, appeared to
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Figure 3.14. Micrographs of a sublimed coumarin 120 film on 

microscope-slide glass, (a) Sub-micron structure evident 

(b) higher magnification micrograph showing ~ 0,3 pm sized crystallites.



Figure 3.15. Scanning electron micrograph of a ferulic acid sublimed film. 

Note the needle-like structure visible, also characteristic of ferulic acid

crystal growth from solution.
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Figure 3 .16. Profilometer measurements of a 2,5-dihydroxybenzoic acid 

film: (a) average depth as a function of stylus load and (b) profilometer trace 

(10 mg stylus load) of area mechanically cleared of deposited film.



scratch into a film’s surface thus reducing the measured thickness. The instrumental 

accuracy of the thickness measurements was < 1 nm and hence negligibly small. No local 

irregularities in thickness were recorded by the profiler in the area adjacent to the cleared 

spots other than debris material due to the mechanical scoring, as seen on the right hand 

trough edge in tig, 3.16b. However, SEM pictures suggest the stylus diameter must have 

rested on the tops of several crystallites.

Although the principal reason for using sublimed films was for the 

characterisation of matrices, their suitability for use with protein analytes was briefly 

assessed TOF sample pins were coated with a sublimed coumarin 120 film (estimated 

thickness ~ 1 pm) which is relatively insoluble in H20  A 1 5 plitre aliquot of 0 5 g.litre'1 

bovine insulin aqueous solution was then deposited onto the films and allowed to air-dry 

at room temperature, possibly allowing diffusion of the analyte molecules into the matrix 

crystal structure, as observed for matrix films formed by fast solvent evaporation [101], 

Positive analyte ions were observed by irradiation of these samples using the N2 laser, as 

shown by the mass spectrum in fig. 3.17 for a fiuence of -  40 mJ.cm'2. However, the 

monomer peak ([M+H] ) in fig. 3 17 shows a low mass resolution of (w/8/w)kwhm ~ 30 

and has a significant low mass tail that coincides with a peak at 3429 Da ([Mb+H]), 

possibly corresponding to the bovine insulin B chain (M.W. = 3495.9 Da). This suggests 

that severe analyte fragmentation takes place early in the MALDI process. Thus, 

although protein ions may be observed using a coumarin 120 sublimed film as a matrix, 

the resulting mass spectra are of very poor quality compared with other available 

preparation techniques

3.6 Conclusions

Different sample preparations of MALDI matrices have been investigated 

Refrigerated drying of matrix solutions improved the uniformity of crystal distribution 

across the substrate Crushing crystals dried from solution with polished aluminium 

created polycrystalline (< 1 pm feature size) films of thicknesses between 12 - 60 pm 

possessing a much improved morphological uniformity over dried-droplet samples, 

particularly when using saturated matrix solutions and soda lime glass disc substrates.
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Figure 3.17. Positive ion time-of-flight mass spectrum of bovine insulin, 

deposited on a coumarin 120 sublimed film. Note the low mass resolution of 

the monomer ([M+H]+) peak, (w/8w)F w iim  ~ 30, and the presence of the 

insulin dimer ([2M+H]) and the insulin B chain monomer ((MB+H]+).



Filins of some matrices displayed a ~ 15% reduction in the threshold iluence for the 

observation of ions over dried-droplet samples, a result attributed to the lower effective 

area that the (smooth) crushed film presents. Refrigerated drying and crushing standard 

dried-droplet films both contributed to an increase in the achievable mass resolution of 

proteins analysed in the mass spectrometer.

Sublimation-deposition of matrices onto fused silica substrates allowed the 

controllable growth of uniform films of thickness between 50 nm and > 1 pm, with large 

areal substrate coverage (several cm2). Although these films were shown to support the 

desorption and ionisation of protein molecules to provide (low resolution) mass spectra, 

their chief purpose is envisaged to be for UV spectroscopy of matrices since they can be 

grown thin enough to transmit UV light
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4  A b s o r p t i o n

4.1 Introduction

It appears reasonable to assume that the strength of matrix absorption of laser 

radiation will be of fundamental importance to MALDI as this represents the main 

process by which energy is coupled into the matrix-analyte system. An accurate estimate 

of the solid phase absorption coefficient, a, is required for quantitative modelling of 

desorption and ionisation However, as described in §2.3.2, for reasons of sample 

homogeneity, the best estimates of a  are derived from solution measurements 

[108,109,112-114] despite absorption spectra from solid crystals being modified when 

compared with those of solutions [109], This chapter capitalises upon the improved 

sample preparation offered by sublimation-deposition (see Chapter 3) by describing the 

determination of a  for several common MALDI matrices in the solid state. The 

importance of achieving strong optical absorption in the matrix at the irradiating 

wavelength for successful operation of the MALDI process is then demonstrated

4.2 Experimental

The principal matrices investigated were ferulic acid (3-methoxy-4- 

hydroxycinnamic acid), sinapinic acid (3,5-dimethoxy-4-hydroxycinnamic acid), 

a-cyano-4-hydroxycinnamic acid (a-CHC), 2,5-dihydroxybenzoic acid (2,5-DHB), 

coumarin 120 (7-amino-4-methylcoumarin) and nicotinic acid (pyridine-3-carboxylic 

acid, see §3.3 for details of suppliers). Additionally, the benzoic acid derivatives 

2,3-DHB, 2,4-DHB and 3,4,5-trihydroxybenzoic acid (TUB) were used to investigate 

the influence of a  on the MALDI process and were obtained from Aldrich Chemical 

Company Ltd (Gillingham, UK) to a stated purity of 99 - 97%. The protein bovine 

insulin (M W. = 5733.5 Da) was obtained from Aldrich Chemical Company Ltd 

(Gillingham, UK) to a stated purity of 99 5 %
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Transmission data was obtained using ATI Unicam Ltd (Cambridge, UK) UV3- 

200 and UV-5625 spectrophotometers, having a wavelength resolution was 1.5 nm, that 

is, much less than the width of the observed features. Samples for transmission 

measurements were either solid sublimed films deposited on fused silica substrates, as 

described in §3.5, or matrix solutions contained in fused silica cuvettes and using 

solvents appropriate for each compound (§3.3).

Details of the time-of-flight (TOF) mass spectrometer and pulsed UV lasers are 

found in §3.2.

4.3 Absorption Spectra

The measured absorption spectra of the various MALDI matrix films are shown 

in fig. 4 1 (a-i) for the 200 - 500 nm wavelength range The magnitude of the absorption 

coefficient, cr, was derived from the sample transmission, T, using

jjmuwr 41
cl

where d  is the sample thickness in cm. The absorbance (A ~ -logio'/) term was 

recorded directly by the spectrophotometer. It should be noted that by measuring A 

relative to the uncoated fused silica substrate, surface reflection losses from the sublimed 

films are corrected for provided that the refractive index of the deposited layer, n/, does 

not differ significantly from that of the substrate, ns. Measurement of the Brewster angle 

(Ob) of a coumarin 120 deposited layer (Ob = 58 7°) using a polarised He-Ne laser beam 

gave iif~ 1.64 ± 0 04 (at 632.8 nm) This value is relatively close to ns~ 1 458 (at 589.29 

nm - sodium D line) so the above assumption appears to be reasonable. The error in a  

corresponding to this level of index mismatch would be no more than 3 %, even for the 

thinnest films used.

Absorption spectra of matrix solutions are shown in fig. 4 2 (a-f) with the molar 

extinction coefficient, 8, being calculated from spectrophotometry* data by
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Figure 4.1. Sublimed thin film absoq)tioii spectra 

of several MALDI matrices.



Figure 4.2. Solution phase absorption spectra 

of several MALDI matrices.



r =  lQglOT
[M].c

4.2

where /A// is the solution molarity (typically ~ 5 x 10'5 Molar) and lc is the 

internal cuvette width (1 cm). In obtaining solution phase spectra of matrices, baseline 

data was provided by the measured optical transmission of appropriate solvents.

The values of the absorption coefficient at 337 nm (N2 laser wavelength), «w , 

are noted in table 4 1 for the sublimed films. With the exception of a-CHC and nicotinic 

acid, the films all had ~ 105 cm'1 That a-CHC films had a?J7~ 2.2 x 105 cm'1 is not 

surprising given that the a-CHC solution absorption is significantly greater than that of 

other matrix solutions (fig. 4.2). Nicotinic acid has relatively weak absorption at the N2 

laser wavelength (a^? ~ 2.32 x 104 cm'1) since the near-UV peak is at 263 nm, thereby 

suiting this matrix to pumping with 266 nm (frequency-quadrupled Nd-YACi laser) or 

248 nm (KrF laser) radiation instead.

The near-UV absorption peaks for the solids are consistently broader than in the 

case of solutions (figs. 4 1 and 4.2), as is to be expected for molecular crystals, and in 

fact in many cases a doublet structure seems characteristic. While this structure is 

apparent in 2,5-DHB and a-CHC spectra, it is particularly evident in the case of 

coumarin 120 where distinct peaks at 307 nm and 420 nm can be seen, although it is 

noted that the peak height ratio between these peaks is not constant It was found that 

the 420 nm peak can be made dominant, however, by momentary heating of the film to 

near 100°C. The double peak is not observed in standard coumarin 120 solutions used in 

dye lasers [237] nor was it observed in samples recrystallised (dried) from solutions. An 

additional observation is that the doublet structure seen in absorption spectra from 

sublimed films is not found in spectra from either a redissolved film or dissolved vapour- 

source material after use, these revert to normal solution absorption spectra 

Nevertheless, with the exception of the 100°C annealed samples, the strongest 

absorption of the coumarin 120 sublimed films was at 307 nm.

37



337 nin MAXIMA

MATRIX Otfilm (cm'1) tffita, (cm2) CTsoln (cm2)
Coumarin 120 9.69 x 104 3.91 x 10'17 7.16 x 10'17

Ferulic Acid 1.16 x 10s 3.46 x 10'17 6.10 x 10'17

Sinapinic Acid 1.10 x 10s 4.34 x 10'17 6.85 x 10'17

a-CHC 2.18 x 105 1.04 x 10'16 8.24 x 10'17

i 2,5-DHB 7.95 x 104 1.98 x 1 O'17 1.46 x 10'17

Nicotinic Acid * a 248=7.35 x 104 1.67 x 10'17 1.76 x 10'17

a 266=8.71 x 104

* Note that a^m at 248 nm and 266 nm is given for nicotinic acid instead of 
at 337 nm as the absorption is very weak at this wavelength.

T ab le  4 .1 . A b so rp tio n  co e ffic ien ts  o f  su b lim ed  m atrix  film s, #/;/„„ at 337  nm

and  m ax im um  ab so rp tio n  c ro ss -sec tio n s  o f  su b lim ed  film s, o)um,

and  so lu tio n s , crw/„, in th e  n ear-U  V.



Coumarin 120 is well known to form dimers under high intensity illumination 

[238] and displays transient radical attachment [239,240] although under the low 

irradiance conditions of optical spectrophotometry, the stable dimérisation of two 

coumarin 120 molecules upon crystallisation seems the more probable explanation of 

doublet structure in the absorption spectrum Dimer formation can cause splitting of the 

degenerate monomer electronic states leading to a doublet absorption band structure 

centred about the monomer absorption maximum [117] However, no specific chemical 

alteration of the coumarin monomers would be expected to occur, consistent with the 

observed replication of solution absorption spectra by dissolving either the sublimed films 

or the heated sample material

The maximum optical cross-sections of the near-UV peak derived from thin film 

( )  and solution (asol„) absorption spectra are also given in table 4.1. The 

cross-sections for the solids are calculated assuming a film density of 1.1 g.cm'3 and by 

using the relationship

a
ct = — 

n
4.3

where // is the number density of the absorbing molecule, i.e. the matrix, Solution 

phase cross-sections can be derived from eqns 4 1 - 4.3 and

44

to give

o
2.3 x 103c

n a
4.5

where NA is Avogadro’s number
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The maximum near-UV optical cross-sections of the films (c^/m) are of the same 

order as those for dissolved molecules (crs0/„), with the ratio <Tf,im / crJ0/„ lying between 

-0 .55  and 1 36 for the different matrices studied. This suggests that, in general, the 

solution data can only be relied upon to within a factor of ~ 2 to provide data for 

modelling the solid matrices.

4.4 Matrix Absorption in MALDI

As part of a previous study to assess the suitability of different molecules as 

MALDI matrices, the compounds 2,3-DHB, 2,4-DHB, 2,5-DHB and TUB (fig. 4.3) 

received ratings that varied from ‘poor’ to ‘excellent’ [138], This assessment was carried 

out using N2 laser radiation (337 nm) although it was noted that the threshold fluence for 

ion production varies with the irradiating wavelength for benzoic acid derivatives 

[112,113], presumably due to changes in absorption It would appear reasonable, 

therefore, that investigation into why different matrix ratings are apparent for chemically 

similar molecules commence with an assessment of their absorption strengths.

The thin film absorption spectra of the compounds studied were determined in 

exactly the same manner as those in §4 3 and are shown in fig 4.4 The values of a  at 

308 nm (a308) and at 337 nm (aw ) are listed in table 4.2, together with the previous 

ratings of the molecules as MALDI matrices using a desorbing wavelength of 337 nm 

[138], The order of molecules in ascending order of aw , TUB, 2,3-DHB, 2,4-DHB and

2,5-DHB, corresponds with the matrix performance ratings o f ‘poor’ for TUB, ‘fair’ for 

2,3-DHB and 2,4-DHB, and ‘excellent’ for 2,5-DHB. It is interesting to note that 

despite the large (~ x2) difference in a.«; for 2,3-DHB and 2,4-DHB, both have been 

rated, broadly, as having a like efficiency for the generation of analyte ions Although the 

matrix classifications are somewhat qualitative and subjective in nature, it is likely that 

different matrix molecules have photophysical properties further to a  that differ and 

consequently affect their performance in MALDI, e g , solid densities or ionisation 

energies.
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Figure 4.3. Chemical structure of (a) 3,4,5-trihydroxybenzoic acid,

(b) 2,3-dihydroxybenzoic acid (2,3-DHB), (c) 2,4-DHB and (d) 2,5-DHB.



W avelength (nm)

Figure 4.4. Sublimed thin Film absorption spectra 

of hydroxy-substituted benzoic acid derivatives.



MATRIX CDos (cm 1) (X337 (cm4 ) Rating 1138|

THB 1.05 x 105 1.66 x 104 ‘poor’
2,3-DHB 2.76 x 104 3.29 x 104 ‘fair’
2,4-DHB 1.55 x 105 6.22 x 104 ‘fair’
2,5-DHB 6.15 x 104 7.95 x 104 ‘excellent’

Table 4.2. Absorption coefficients for 3,4,5-trihydroxybenzoic acid (THB), 

2,3-dihydroxybenzoic acid (2,3-DHB), 2,4-DHB and 2,5-DHB at 308 nm 

(a308) and 337 nm (a w ). Also indicated are the matrix ratings attributed to

the different compounds [138],



From fig 4 4 it is clear that although 2,3-DHB and 2,5-DHB are very close to 

their peak absorptivity at 337 nm, 2,4-DHB and TUB become greatly more absorptive 

when the wavelength of the light is reduced slightly, reaching peak a  values of 1 93 x 

105 cm'1 at 324 nm and of 1.10 x 105 cm'1 at 303 nm, respectively. 337 nm TOF mass 

spectrometry of THB and bovine insulin dried-droplet samples (see §3.3 for preparation 

details) failed to yield a detectable analyte ion signal at fluences up to ~ 70 mJ.cm'2; 

indeed, it was unusual to even observe a matrix ion peak However, by changing the 

desorbing wavelength from 337 nm to 308 nm with a corresponding increase in a  from 

1 66 x 104 cm'1 to 1.05 x 105 cm'1, insulin ions could be detected at modest fluences. For 

example, fig. 4 5 shows singly ([M+H] ) and doubly ([M+2H]’ ) charged insulin ion 

peaks obtained from a THB matrix irradiated with a fluence of ~ 20 mJ.cm'2. Figure 4.5 

represents the average of spectra acquired from 10 successive laser pulses incident upon 

the same sample region That the singly charged insulin ion peak in fig 4.5 displays such 

a large signal-to-noise ratio demonstrates the effectiveness of irradiating MALDI 

samples with a laser wavelength that corresponds to a near maximum in matrix 

absorptivity, as also described in refs 112 and 113. However, by demonstrating a direct 

correlation between a molecule’s suitability as a MALDI matrix with its optical 

absorptivity at the irradiating wavelength the importance of a  within MALDI is shown 

more clearly than before.

4.5 Matrix Ion Yield

In order to further investigate the influence of a  on the MALDI process, the TOF 

mass spectrometer was used to determine the integrated matrix ion yield, Y, from

2.5- DHB sublimed films as a function of fluence, F  This was accomplished using both 

N2 (337 nm, 3 ns FWHM) and XeCl (308 nm; 10 ns FWHM) lasers. In the solid phase, a  

for 2,5-DHB falls from a  = 7.95 x 104 cm'1 at 337 nm to a  = 6.15 x 104 cm 1 at 308 nm 

(table 4.2). However, since gas-phase spectra would generally be expected to be 

spectrally narrower than their solid phase equivalents, the difference in absorptivity of

2.5- DHB at these wavelengths may become more marked in a desorbed plume.
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Figure 4.5. Positive ion time-of-flight mass spectrum of bovine insulin from 

a 3,4,5-trihydroxybenzoic acid matrix, irradiated with -  20 mJ.cnf2 308 nm 

radiation. The peaks shown correspond to the singly charged ([M+H]+) and 

doubly charged ([M+2H]2+) insulin monomer ions.



An identical optica! path was used for each laser, passing through an aperture to 

ensure that the laser spot sizes on the sample were of approximately equal dimensions 

(~ 1 mm x 600 pm ellipse). 10 samples of thickness > 1 pm were used for each laser 

wavelength and data was obtained from each sample by averaging the spectra resulting 

from 10 consecutive laser pulses at a given fluence. During data acquisition, the mass 

spectrometer sample pins were constantly rotated in the laser beam in an attempt to 

sample from as wide a region as possible The integrated signals of the m , [m+H]' and 

[m+2H]' matrix ion peaks (where w is the matrix) were then averaged for the 10 

samples.

The resulting integrated matrix ion signals are shown in fig 4 6. The error bars in 

fig. 4 6 represent one standard deviation for each data point which was between 

15-50 % of the mean for XeCl irradiation and up to 67 % of the mean when using the 

N2 laser Despite this, it is clearly seen that for the N2 laser 2,5-DHB ions are observed at 

significantly lower fluences than with the XeCl laser and that, in the fluence region of 

~ 20 mJ cm'2, ion signals using the 337 nm laser are more than 3 orders of magnitude 

greater than for the 308 nm wavelength Linear regression fits to the data (shown on fig 

4.6) highlight the strong dependence of the matrix ion signal on the fluence, as observed 

previously [125,145,154] (§3 4 3) However, the strength of this dependence differs for 

the two wavelengths used with Y varying as ~ F 10 and ~ F8 for the N2 and XeCl lasers, 

respectively.

As there are experimental differences in optical absorption, photon energy and 

laser pulse length for the two sets of data, they should be analysed in these terms. The 

larger photon energy of the 308 nm radiation (~ 4.0 eV) compared with that of 337 nm 

radiation (~ 3.7 eV) will lead to a larger degree of matrix heating per absorbed photon, 

although this will be compensated for by the increased number of photons within a pulse 

of longer wavelength (assuming equal pulse energies). The absorption of two photons of 

308 nm wavelength will cause the excited matrix molecule to be closer to the ionisation 

potential than if 337 nm radiation is used (see Chapter 6), leading to a lower ionisation 

efficiency for the case of (stepwise) photoionisation However, Chapters 6 and 7 discuss 

an alternative ionisation mechanism to photoionisation in which higher energy photons 

actually enhance matrix ionisation The effect of laser pulse length is largely unknown at
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Figure 4.6. Observed TOF-MS integrated 2,5-DHB ion yield as a function of 

fluence using N2 (337 nm) and XeCl (308 nm) lasers.



present, although two studies are discussed in §2.3.3 [118,154] The lower temporal 

irradiance in longer pulses may be compensated for by an increased temperature during 

the laser pulse due to non-radiative relaxation of excited matrix molecules, again, 

Chapters 6 and 7 discuss this further

The drop in Y for the XeCl laser should, therefore, be discussed most strongly in 

terms of absorption The scale of the difference in Y for the two laser wavelengths (3 

orders of magnitude at ~ 20 mJ cm'2) is perhaps surprising given the comparatively small 

difference in the two relevant values of a  Indeed, given these data, the dependence of 

the matrix ion yield on a  would need to be as great as ~ or26, although this assumes that 

a  is the only parameter that changes between the two data sets. This can perhaps be 

explained by two mutually inclusive effects. Firstly, that a strong matrix ion signal 

dependence on absorptivity is indeed part of the MALDI process (i.e. Y ~ d ,  where a  is 

the matrix ground state absorption cross-section) and, secondly, that absorption of laser 

energy occurs predominantly in desorbed gas-phase molecules thereby accentuating 

spectral differences in solid-phase absorption, as described above. It is counterintuitive to 

assume that a continuing increase in optical absorption will necessarily lead to an 

increase in desorption yield since once desorption occurs, the absorbing gas-phase plume 

is likely to shield the solid-phase molecules from further illumination Photoionisation can 

be assumed to possess an approximately linear dependence on ground state absorption 

and so does not meet the Y ~ d  requirement either However, the alternative ionisation 

mechanism discussed in Chapters 6 and 7 provides a possible explanation for the matrix 

ion yield’s strong dependence on optical absorption, outlined above (see, particularly, 

§7.3). The modelled matrix ion yield does, indeed, display a very strong dependence on 

a  although, to produce a consistent description of the results, the ratio of the gas-phase 

absorption cross-sections at 337 nm and 308 nm for 2,5-DHB is still required to be 

greater than for the solid phase

4.6 Conclusions

Quantitative values for the solid-phase absorption coefficient, a, of several 

common MALDI matrices have been determined by transmission measurements on thin
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(50 - 600 nm) sublimed films For common laser wavelengths used in MALDI, 

or~105cm'' is typical Comparison with absorption cross-sections estimated from 

solution measurements suggests that solution-based values are accurate only to within a 

factor of ~ 2.

The influence of absorption on MALDI has been investigated in two ways 

Firstly, for chemically similar compounds, a direct correlation was found between a  and 

a molecule’s effectiveness as a MALDI matrix Indeed, 3,4,5-trihydroxybenzoic acid 

(THB), rated as a ‘poor’ matrix for 337 nm (N2) laser irradiation [138], has been shown 

to support the production of bovine insulin ions in MALDI when using a 308 nm laser 

(XeCl) where THB displays much stronger optical coupling. Secondly, the effect of 

changing laser wavelength on the matrix ion yield - laser fluence characteristics shows 

ion production to be strongly dependent on the absorption strength of the matrix. This 

could be due to matrix ionisation being strongly dependent on absorption of the laser 

energy and that this absorption takes place predominantly in the gas-phase where a 

spectrally narrower absorption band may be relevant as compared to the solid-phase
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5  M a t r i x  F l u o r e s c e n c e

5.1 Introduction

In attempting to elucidate photoexcitation mechanisms, the study of fluorescence 

has great potential The fluorescence of MALDI samples has been reported previously 

including: lifetime and quantum efficiency measurements on matrices [109,118,241,242], 

fluorescence intensity as a function of incident fluence [ 118,242], spatial imaging of 

desorbed plumes [132] and for viewing the effect of heavy-atom substitution into 

matrices [121] Despite this, there is still a lack of energetic and mechanistic data that 

fluorescence experiments could yield The study described here attempts to remedy this 

deficiency by obtaining the solid and solution phase fluorescence spectra of several 

common MALDI matrices Analysis of these, together with previously obtained 

absorption data, give estimates of the vibrationless (0-0) ground-singlet (So-Si) energy, 

s, fluorescence quantum efficiency, <f>qe, fluorescence and non-radiative decay rates, kf  

and km respectively, and the average fluorescence wavelength, Furthermore, an 

analysis of previously published data [118] allows an estimate of the excited singlet- 

singlet interaction parameter, kSs, to be made. These parameters are valuable both in 

modelling the role of matrix molecules within MALDI and in ascertaining matrix 

characteristics beneficial to the MALDI process.

5.2 Theory

There exist several texts (for example, refs 117,243,244) that describe the 

photoexcited mechanisms of aromatic molecules both phenomenologically and 

mathematically, from which the following brief explanation is derived

Of fundamental importance are the fluorescence decay rate, or radiative transition 

probability, kf, and the non-radiative decay rate, knr, that describe decay from the lowest 

excited singlet state (Si) to the ground state (So) via radiative and non-radiative (internal 

conversion) mechanisms respectively. The total Si-So decay rate, k¡, can therefore be 

expressed as
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k l -  k f  + k nr 5.1

The radiative lifetime, zy, can be written as

T 5.2
k

and the total Si decay lifetime, zv, as

x 5.3
k

which corresponds to the time for the population in state Si to fall to e"1 by decay 

to the ground state. The fluorescence quantum efficiency, <f>qe, is defined as the number of 

photons radiatively emitted from the Si state divided by the total number of photons 

absorbed. If collisional quenching, excited state interactions, self-absorption and 

intersystem crossing to the triplet manifold are ignored, <t>t,e may be calculated as

Molecular absorption and fluorescence are examples of vibronic transitions 

where both the electronic and vibrational coordinates of the molecule may change. For 

example, such a transition may involve changes in the electronic and vibrational 

coordinates of k~>l and m -»\ respectively, the overall transition may then be described 

as km-dn. For solutions and solids, z> is usually sufficiently long to allow the excess

5.4

The spectral quantum efficiency, F(v), can now be defined by

5.5
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vibrational energy from an absorption transition to be thermalised by collisions and lattice 

interactions before fluorescence takes place. Fluorescence transitions are, therefore, 

predominantly of the form I0-M)n (see fig, 5.1), or more generally kO->ln, i.e from the 

lowest available vibrational level within the excited electronic state. The Einstein A 

coefficient describing this transition is given by

Ako->,„= 8^Ko-,inn3c 3Bka_+ta 5.6

where /; is Planck’s constant, n - o is the frequency of the vibronic transition, n 

is the refractive index of the medium, c is the speed of light in vacuum and lho-M is the 

Einstein B coefficient of the transition. Ako~+i„ also has the relation

Ak0_>ln*  |F (v)dv 5.7
v kO~»ln

Approximating vibrational wavefunctions with equal vibrational but different 

electronic coordinates to be the same (i.e. it can be shown that

B k0->lB =  ®!0~>kn 5 . 8

where one side of the equation represents absorption and the other fluorescence. 

Note that eqn 5 8 describes transitions of unequal energies and is different to the more 

common (Einstein) relation describing equi-energetic transitions

Bkn ->im BIm >ka 5.9

Since J F(v)dv  varies linearly with Bk0->in (eqns. 5.6 and 5.7), eqn. 5.8 describes

what is known as the mirror symmetry relation between absorption and fluorescence 

spectra This is seen as a mirror symmetry in the norm alised absorption and fluorescence 

spectra about a certain symmetry-point frequency, v0, at energies h(v0i A \j and h(vo-Av)
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Figure 5.1. Vibronic fluorescence transitions [243],
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respectively (eqn 5 8; see fig 5.2), where Av  represents a small change in frequency. 

The (vibrationless or 0-0) transition of frequency Vo is described by k0—>!0 (see fig 5.1).

Now, A/is equal to the sum of Ak0̂ i„ over all fluorescence transitions

k , = 2 >
n

k0-»ln 5.10

from which it can be shown [243] that

k r
8rtx2303n^ / 3\ i re(v)dv 

c2N,n ' 1 ' AV'*’ vA a

5 11

where «/ and na are the average refractive indices over the fluorescence and 

absorption bands respectively, NA is Avogadro’s number, e(y) is the frequency dependent 

molar extinction coefficient of the absorption band, Vf represents fluorescence band

frequencies and is the reciprocal intensity weighted average of given by

5.12

Equation 5 11 can be written in terms of absorption cross-section, cr(v),
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5.13kf
cr(v)d v

v

There exists, therefore, a means o f  estimating kf using absorption and 

fluorescence spectral data without having to  resort to direct measurement methods. 

H owever, the technique is based upon the assumption that the mirror symmetry relation, 

and hence the vibrational wavefiinction approximation (<%,=<£/„), is valid and therefore 

has a varying degree o f  applicability for different molecules.

5.3 Experimental

5.3.1 Method

Several texts comprehensively describe standard m ethodologies for fluorescence 

spectrometry o f  solutions (for example, refs. 245 and 246). One o f  the recommended 

techniques for the measurement o f  <j>qe is to  calibrate detection apparatus with a 

fluorescence standard [245] over a range o f  solution absorbances for geometrical 

correction [246], Despite several fluorescence standards being proposed in literature 

[247,248], quinine bisulfate (empirical formula C20O2N 2H i9) in I O N  (0.5 M ) sulphuric 

acid [247,248] was chosen since it has a well defined quantum yield for X <  350 nm 

excitation (0 .546 ±  5% at 25°C ) with a well defined temperature dependence 

(-0.25%  /  °C), exhibits little or no impurity quenching and has an emission region similar 

to  those o f  the compounds to  be measured (400  - 500 nm).

The experimental arrangement for the measurement o f  solution phase 

fluorescence is shown in fig. 5.3. Briefly, PC based software (AM KO MuLTIray, AM KO  

GmbH, Tom esch bei Hamburg, Germany) externally triggered a home-built N 2 laser 

(3 ns FWHM). The laser output was attenuated with glass m icroscope slides and 

spatially filtered with a circular aperture (~11 mm diameter) before being slightly 

focussed onto the fused silica sample cuvette with a 76.2 mm focal length plano-convex 

fused silica lens. Beam  attenuation w as increased as the concentration o f  solutions
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Figure 5.3. Schematic diagram of experimental arrangement 
for the measurement of fluorescence from solutions.



increased to  reduce the likelihood o f  lasing in the excited solution (e g. coumarin 120). 

Incident laser energies (40  - 150 pJ) were monitored immediately following the 

measurement o f  fluorescence from each solution. In order to reduce noise due to 

scattering, fluorescence signals were detected orthogonally to the laser beam direction.

The temporal behaviour o f  the fluorescence was observed by using a Photek S20  

vacuum photodiode (sub-nanosecond risetime; Photek Limited, East Sussex, UK ) 

connected to a Tektronix 7834 Storage O scilloscope (400  MHz; Tektronix Inc., 

Beaverton, Oregon, U SA ) using a 7A 19 50Q  plug-in amplifier and a 7B85 plug-in 

timebase. Instrument response times were not included in decay time calculations. A  

polymethylmethacrylate (PM M A) U V  filter w as placed over the front o f  the vacuum  

photodiode to ensure that the visible fluorescence, and not scattered laser radiation, was 

being detected. Fluorescence was also captured using a fibre bundle (circular-to- 

rectangular array o f  20  x 1.4 mm diameter U V  grade fibre optics) and analysed on an 

01-001A  AM KO grating monochromator (300  lines/mm; 500 nm blaze wavelength) to  

give the emission spectrum o f  the analyte solution. Within the monochromator, an 

approximately 1 mm slit at the termination o f  the fibre bundle w as imaged using the 

grating and tw o concave mirrors onto a CCD detector array (1024 elements) to  give a 

spectral resolution o f  5 nm (FWHM; X =  632.8 nm). The CCD array w as gated ‘open’ 

for 10 ms by the PC software triggering the N 2 laser and the detected signal read into the 

computer for analysis. Furthermore, the software allowed the summation o f  spectra from  

consecutive laser pulses thus improving the signal-to-noise ratio. The monochromator 

w as calibrated using scattered N 2 (337.1 nm) and H e-N e (632.8  nm) laser light which fell 

at points towards the tw o extremes o f  the spectral range measured.

The arrangement for detection o f  fluorescence from solid films is shown in fig. 

5.4. Again, the N 2 laser is triggered from the PC but the aperture is now  imaged onto the 

sample to  give a spot roughly 6 mm in diameter. Incident laser energies o f  200 - 300 pJ 

therefore gave fluences o f  between 0 .7  and 1.0 mJ.cm'2, i.e. below  the desorption 

threshold. D etected signals were obtained at approximately 45° to the incident laser 

pulse direction, both with the fibre bundle and the vacuum photodiode. A  3 cm focal 

length plano-convex fused silica lens w as used prior to  the vacuum photodiode to
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Figure 5.4. Schematic diagram of experimental arrangement 
for the measurement of fluorescence from solid films.



capture a greater amount o f  emitted light. Otherwise, data acquisition was identical to  

that described above for solutions.

5.3.2 Chemicals

All M ALDI matrices measured were obtained from the sources described in 

Chapter 3 and were used without further purification. Matrices were dissolved in 

solvents deemed as ‘standard’ for M ALDI preparation (see Chapter 3) unless otherwise 

stated. Quinine bisulphate was obtained from Aldrich Chemical Company Ltd. 

(Gillingham, UK ) to  a stated purity o f  90 % (remainder hydroquinine sulphate 

monohydrate). Solid samples were obtained by sublimation deposition onto glass 

m icroscope slides, as described in Chapter 3. With the exception o f  a-cyano-4-  

hydroxycinnamic acid (a-C H C ), films were grown to a thickness o f  > 1 pm (estimated 

by inspection) in order to completely absorb low-intensity 337 nm laser radiation. 

a-C H C  films could not be grown to  such a thickness without undue time being spent in 

deposition; absorption measurements o f  such samples were therefore made in order to 

establish the amount o f  energy deposited into the sample by each incident laser pulse.

5.4 Results and Analysis

5.4.1 Fluorescence Spectra

Before meaningful fluorescence measurements could be made, an estimate o f  the 

molar extinction coefficient o f  quinine bisulfate in 1.0 N  sulphuric acid w as required in 

order to calculate the amount o f  energy absorbed from each laser pulse. The absorption 

spectrum o f  10 mg.litre'1 (1.31 x 10-4 Molar) and 100 mg.litre'1 (1.31 x 10'3 Molar) 

quinine bisulphate solutions (fig. 5.5) w as obtained by spectrophotometry (see Chapter 4 

for details). The molar extinction coefficient at 337 nm, e337, w as calculated as 1.0 x 104 

litre.mole'1.cm'1 (cf. e3 3 7  = 9 .7  x 103 litre.mole'1.cm'1 [246] ). Fluorescence spectra from  

either 200  or 400  laser pulses were then obtained (fig. 5.5) for solution concentrations o f  

between 5 x 10-6 and 1 x 10‘2 Molar, corresponding to  absorbances (-logio[transmission] 

=  e3 3 7  x molarity, /A //, x cuvette length, lc)  o f  between 0.05 and 100. The solution
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Figure 5.5. Absorption cross-section (1.3 x KF4 Molar) and fluorescence 

(arb. units; 2 x 10'5 Molar; 400 pulses) spectra of quinine bisulfate

solutions.



temperature was measured to  be 16°C and hence <f>qe was assumed to be 0 .558 (see  

§5.3.1). M onochromator sensitivity, S, was determined by

where f(X) is the fluorescence signal, X is the wavelength, Etot is the incident laser 

energy and E3 3 7  the laser photon energy. The denominator o f  eqn. 5 .14 represents the 

number o f  photons absorbed and the numerator the relative number o f  photons emitted; 

the dependence o f  f(X) on photon wavelength is ignored since the quinine bisulfate 

fluorescence spectrum falls in approximately the same spectral region as those o f  

M ALDI matrices. Once S was calculated, <f>qe could be determined for other solutions by 

rearrangement o f  eqn. 5.14. N o  marked variation o f  sensitivity with solution absorbance 

w as observed, despite the contrary observations in the literature [246], This was 

probably due to  employing the fibre bundle collection system with a wider spatial 

sampling region than that available with the more usual method o f  directly illuminating 

the monochromator entrance slit.

B efore investigating matrices in solvents typically used in M ALDI sample 

preparation, verification o f  S was provided by estimating <̂qe for a previously measured 

solution. Coumarin 120 in ethanol w as selected for this, having <f>qe =  0 .75 [249], 

Spectrophotometry (see  Chapter 4 for details) on a 5 x 10'5 M olar solution gave £337 -  

1.52 x 104 litre.mole''.cm'1 (fig, 5.6). Fluorescence spectra (e  g. fig. 5 .6) comprising 

either 200  or 400  laser pulses w ere collected from 11 solutions within a concentration 

range o f  5 x 10'7 to 1 x 10'3 Molar, corresponding to absorbances o f  7 .6  x 10'3 and 15.2 

respectively. <j>qe w as calculated to be 0 .74  ±  0.03 (eqn. 5 .14), where the estimated error 

represents one standard deviation in the data. With this value o f  <j>qe lying close to  that 

given in literature, fluorescence measurements o f  M ALDI matrices in other solutions 

could proceed with a greater degree o f  confidence.

5.14
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Figure 5.6. Absorption and fluorescence (arb. units; 200 pulses) spectra 

of coumarin 120 in ethanol (5 x 10'5 Molar).



Spectra from coumarin 120 in 50:50 methanol:acetonitrile +  0.1 % trifluoroacetic 

acid (TFA) were collected over a concentration range o f  2 x 10"6 to 1 x 10'3 Molar (fig. 

5.7a). £ ¡ ¡ 7  for coumarin 120 in the methanol/acetonitrile solvent was taken from the 

literature [186] whereas the values for all other matrix solutions are listed in Chapter 4. 

<j>qe for coumarin 120 w as estimated as 0 .82  (see table 5 .1) and Ti w as measured with the 

vacuum photodiode to  be 3.3 ns ±  10% (compare fig. 5.8a incident N 2 laser pulse and 

fig. 5.8b coumarin 120 solution fluorescence), to  give ki =  3 .0  x 108 s'1 (eqn. 5.3) and kf 

= 2 .0  x 108 s'1 (eqn. 5.4). The fluorescence spectra o f  2,5-dihydroxybenzoic acid 

(2,5-D H B ; 600 pulse spectra; 5 solutions in range 5 x 10'5 to 5 x 10'3 Molar), ferulic 

acid (1000 pulse spectra; 5 x 10'3 and 2  x 10'4 Molar) and sinapinic acid (1000 pulse 

spectrum; 5 x 10'3 Molar) were also collected (fig. 5.7b-d respectively). H owever, decay 

lifetimes were so short as to  be difficult to  interpret from the vacuum photodiode since 

the exponential decay envelope fell within the 3 ns (FW HM ) excitation pulse. Estimates 

o f  the decay rates had to be made, therefore, by using the mirror symmetry relation.

In performing mirror symmetry calculations (eqn. 5.13), both the absorption and 

fluorescence spectra are integrated, albeit in different forms. Although this was 

straightforward for fluorescence spectra, higher energy absorption bands overlapped 

with the low  wavelength side o f  the So-Si absorption band rendering accurate integration 

impossible. This was avoided by ‘creating’ absorption spectra by reflecting (in the 

frequency domain) a solution’s fluorescence spectrum about Vo and normalising the 

reflected maxima to the maximum solution phase absorption cross-section. This method, 

therefore, produced perfectly symmetrical spectra which, although ‘ideal’ in theory, were  

presumably an increasingly large source o f  error as the degree o f  observed (real) 

symmetry decreased. Values o f  na and « /  (eqn. 5 .13) were estimated using wavelength  

dependent data o f  the solvent components [250],

Using this technique, kf for coumarin 120 (in methanol/acetonitrile) was 

calculated using the mirror symmetry relation to  be 2 .2  x 108 s'1, i e. within 10 % o f  the 

directly measured value. This similarity o f  kf for coumarin 120 using the tw o methods 

described suggested that mirror symmetry analysis o f  optical spectra for the other 

solutions would be feasible, although these spectra are inherently less symmetrical (by
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Figure 5.7. Solution phase absorption cross-section and fluorescence 

(arb. units) spectra of (a) coumarin 120 (50:50 MetOH:ACN),

(b) 2,5-DHB, (c) ferulic acid and (d) sinapinic acid.



M a t e r i a l :

Fluorescence 
Quantum  

Efficiency, <|>qe

Fluorescence 
D ecay Rate, 

M s ’1)

Total Decay  
Rate, 
ki ( s 1)

Non-radiative 
D ecay Rate, 

M s 1)

S o l u t io n s

Coumarin 120 0.82 2.4  x 108 3.0 x 108 6.3 x 107
Ferulic Acid 2.2 x 10'3 2.5 x 108 1.1 x 10n 1.1 x 10n

2,5-D H B 0.017 8.9 x 107 5.2 x 109 5.1 x 108
Sinapinic Acid 1.9 x 10'3 2.4  x 108 1.3 x 10n 1.3 x 10"

F il m s

Coumarin 120 0.46 2.2  x 108 4.8  x 108 2 .6  x 108
Ferulic Acid 0.31 2 .0  x 108 6 .6  x 108 4.6  x 108

2,5-D H B 0.59 7.7  x 107 1.3 x 108 5.4 x 107
a-C H C 0.082 4.2  x 108 5.1 x 109 4 .7  x 109

Table 5.1. Relaxation data for common MALDI matrices.



(a) 10 ns

Figure 5.8. Temporal Pulse Shapes of (a) N2 Laser, (b) 

Coumarin 120 Solution Fluorescence and (c) Ferulic Acid

Film Fluorescence



inspection) than those for coumarin 120. kf was, therefore, calculated by mirror 

symmetry analysis (eqn. 5.13) and <f>qe by eqn. 5.14, the combination o f  which gave 

estimates o f  knr and ki (eqns. 5.1 and 5.4), summarised in table 5.1.

Fluorescence spectra, each comprising the sum o f  data from 600 laser pulses, 

were also collected from sublimated solid films o f  ferulic acid, a-C H C  (estimated 

thickness 150 nm), 2,5-D H B and coumarin 120 (fig. 5.9). Fluorescence from sinapinic 

acid films could not be detected. Short fluorescence lifetimes for the solid films 

precluded accurate determination o f  zv and only estimates could be made. Despite this, 

ferulic acid was selected as the calibrant compound since its characteristic optical 

absorption and emission spectra exhibited a reasonable degree o f  symmetry (see fig. 

5.9a). In order to minimise the error in measuring 77 directly, a computer simulation was 

used to generate the expected FWHM o f  a fluorescence signal as a function o f  ki for a 3 

ns (FW HM ) Gaussian excitation pulse (fig. 5.10). The model assumed a simple tw o level 

system com posing S0 and Si. Fig. 5.8c shows a trace obtained with the vacuum  

photodiode for a ferulic acid film. This had a measured FW HM  o f  3.85 ns ±  10% (cf. 3 .0 

ns for the laser pulse), corresponding to ti =  1.5 ns ±  20%  or ki =  6 .6  x 108 s'1. By using 

the mirror symmetry relation (eqn. 5 .13) with an ‘idealised’ absorption spectrum, a value 

o f  kf= 2 .0  x 108 s'1 was estimated, hence knr =  4 .6  x 10* s'1 and <f>qe -  0.31 (eqns. 5.1 and 

5.4) allowing the monochromator/detectors to be calibrated (eqn. 5.14),

The fluorescence properties for other matrices were estimated by firstly 

calculating (¡>qe (eqn. 5 .14) and kf  (eqn. 5.13, ‘idealised’ mirror symmetry method) and 

then ki and knr (eqns. 5.4 and 5.1 respectively). In the absence o f  any other suitable data, 

the refractive indices in eqn. 5.13 were assumed to be « /  =  na =  1.64, based on previous 

Brewster angle measurements (§4.3). The fluorescence parameters estimated in this way  

are summarised in table 5.1. N ote  that for the case o f  coumarin 120, for which the 

absorption spectrum develops a severe doublet structure (as discussed in Chapter 4), the 

maximum absorption cross-section o f  the reflected fluorescence spectrum was taken as 

tw ice that o f  the actual value as there are tw o absorption peaks (fig. 5.9d), also, in 

calculating v0, the wavelength o f  maximum absorption w as taken as the average value o f  

the tw o absorption peaks. This procedure gave kj =  4 .8  x 108 s'1 for coumarin 120,
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Figure 5.9. Solid phase absorption cross-section and fluorescence 

(arb. units) spectra of (a) ferulic acid, (b) a-CHC,

(c) 2,5-DHB and (d) coumarin 120.
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Figure 5.10. Calculated FWHM of fluorescence emission as a function o f  

decay rate, ki (s'1), using a 3 ns (FWHM) gaussian excitation.



compared to 5.5 x 10* s'1 based on the measured vacuum photodiode signal FWHM o f

4.05 ns ±  10%.

In assessing the accuracy o f  these values, it may be assumed that an error o f  less 

than ±  5% applies to  the solution <j>qe measurements (given the agreement with the 

literature value for coumarin 120 in ethanol). The other measurements are subject to  

larger error beacause o f  the assumption o f  mirror symmetry. As the symmetry between a 

m olecule’s absorption and fluorescence spectra decreases, so the inaccuracy o f  values 

calculated using the mirror symmetry relation will increase. For m olecules possessing a 

good degree o f  spectral symmetry, an error o f  ±  10% may be assumed (from coumarin 

120 in methanol/acetonitrile) but for those with significant asymmetry, e.g. 2 ,5-D H B , the 

uncertainty may be much greater. H owever, the similarity o f  the directly measured and 

‘idealised’ mirror symmetry values o f  ki for coumarin 120 films lends confidence to the 

values calculated. The differing physical nature o f  the matrix films could be another 

source o f  inaccuracy since different absorption lengths and optical scattering coefficients 

may cause the emission collection efficiency to vary from matrix to  matrix.

Previous measurements on solid samples crystallised from solution have given  

values o f  r; =  5 ns (ki =  2 .0  x 10® s'1) and ^  < 0.2 for 2 ,5-D H B  [109,118], n <  3 ns 

(k} ^ 3 .3  x 10® s'1) and <f>qe =  0.11 for ferulic acid [118], and T/< 30 ns (k/2: 3.3 x 107 s'1) 

for sinapinic acid single crystals [109], although the method for determining <j>qe is not 

made clear. Furthermore, there exist problems with experimenting on ‘dried-droplet’ 

samples in terms o f  accurately determining the absorbed laser energy (see Chapters 3 and 

4). It is clear, however, that fluorescence quantum efficiencies presented here for solid 

films (table 5 .1) are larger than those previously reported by a factor o f  2-3. The possible 

inaccuracies with measurements from dried-droplet samples should be compared with  

those outlined above for the present method in order to determine which values are more 

appropriate. A lso o f  note in table 5.1 is the relatively low  (f>qe and high ki for solid 

a-C H C  compared with other matrices implying a rapid and efficient thermalisation o f  

absorbed energy; this inference is consistent with the relatively low  fluence threshold o f  

a-C H C  desorption/ionisation (see Chapter 3) and fragmentation [163], The values 

presented here show matrices in solution to  have similar values o f  kf but knr spanning
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over three orders o f  magnitude; this, obviously, leads to  (¡>qe for solutions having a similar 

spread o f  values. A  comparison o f  values obtained for solutions and solids show s that 

despite the large variations in k„r between different phases, there is a degree o f

remains relatively insensitive to  the m olecule’s environment, whereas knr can be greatly 

affected by oxygen and other impurities that enhance internal conversion to  the So state 

[243,244] or intersystem crossing to the triplet manifold [242],

In using the mirror symmetry relation to  obtain ki, it is necessary to  calculate Vo. 

This was accomplished in tw o ways: firstly, by graphically determining the cross-over  

wavelength o f  normalised absorption and fluorescence spectra and, secondly, by 

assuming symmetry in the spectra and averaging the photon energies o f  the absorption 

and fluorescence maxima. Once Vo is established, it is simple to find the 0-0  transition 

energy, e. The values o f  e, arrived at using the tw o methods described above, are 

summarised in table 5.2 for solutions and solid films, e is generally lower in the solid 

phase than in solution and has a range o f  between 2 .9  and 3.3 eV  for the matrices 

studied.

A lso o f  interest for modelling is the average fluorescence wavelength, I /,  and the 

associated average fluorescence energy, q-. Fluorescence transitions from the low est 

vibrational level o f  Si will, on average, cause a heating o f  the m olecule due to  a remnant 

energy given by ( e - ej). ~Xf w as calculated by integrating the fluorescence bands 

according to

and is summarised for the different matrices studied in table 5,3. A/ ranges 

between approximately 430 and 490 nm which corresponds to 2 .9  and 2.5 eV. In 

comparing the value (e - q) for various matrices, it is clear that in fluorescence 

transitions there exists between 0 .2  and 0 .4  eV  o f  thermalisation.

consistency for kf. This should be expected as kf is an inherent property o f  a m olecule and

5.15
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E E
(eV; Graphical (eV ; Assumed

M a t e r i a l : Intersection) Symmetry)

S o l u t io n s

Coumarin 120 3.18 3.20
Ferulic Acid 3.20 3.30

2,5-D H B 3.29 3.25
Sinapinic Acid 3.13 3.24

F il m s

Coumarin 120 2.86 2.86
Ferulic Acid 3.12 3.19

2,5-D H B 3.12 3.15
a-C H C 2.91 2.92

Table 5.2. 0-0 ground-singlet transition energies 

of common MALDI matrices.



M a t e r i a l :

Average Fluorescence 
W avelength, Af(nm)

S o l u t io n s

Coumarin 120 445
Ferulic Acid 442

2,5-D H B 471
Sinapinic Acid 456

FILMS

Coumarin 120 457
Ferulic Acid 458

2,5-D H B 430
a-C H C 485

Table 5.3. Average fluorescence wavelengths 

of common MALDI matrices.



5.4.2 Excited State Interactions

Figure 5.11 shows a graph presented in ref. 118 that describes a study o f  matrix 

luminescence intensity to fluence ratio. Evidently, luminescence in solid samples becom es 

increasingly quenched as the fluence increases. This was qualitatively attributed to  

excited state interactions o f  the form [118]:

S , + S , — !- > S p + S 0 - ^ - > S , + S 0 5.16

where Sp represents some higher lying singlet state (i.e. p > 1). It is noted [118] 

that stage 2 o f  the process in eqn. 5 .16 will lead to heating o f  the matrix molecules.

Singlet-singlet interactions o f  this form have been observed to cause 

photoconductivity [251-253] and fluorescence quenching [254-256] in anthracene 

crystals and solutions. Calculated values for anthracene o f  the single-singlet interaction
S 3 1 17 3 1

rate constant, kSs, range from 4 x 10' cm  .s' (for excitation) to  0 .9  x 10 cm .s' (for 

ionisation).

A  simple numerical model w as used to  determine kss for 2,5-D H B  at 300 K from  

the experimental results shown in fig. 5.11. A  four level system is assumed, with a 

m olecule being in either the ground (So), S i, S'p or Sp state, with population densities no, 

ni, n'p and np respectively. Here, S'p is at an energy e above Si and is populated by 

excited state interactions, whereas Sp lies above Si by an energy hv, the energy o f  one  

photon, and is populated by photoexcitation. Both S'p and Sp are, however, assumed to  

relax at the same rate, kp. I f  stimulated emission is neglected, the rate equations 

governing the population densities o f  states are:
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Figure 5.11. Relative luminescence yield o f 2,5-DHB as a 

function o f incident (355 nm) fluence [118].



5.17

dn0 , I l l 2- T - = n ^ j  -  n0a 0 — + - k ssni 
dt hv 2

dn,
= n° ° 0 I w ~ n iG li v ~ " lkl + k p ( nP + np ) ~ kss11dt u u hv

dnp _  l

dt ~ 2= “ k ssnf - npk P

dnp

dt
= n jOj

hv npkp

where a0 and o> represent the ground and Si state absorption cross-sections 

respectively, and /  is the laser irradiance (square temporal pulse shape). Equation 5.17  

therefore includes the effects o f  both second photon absorption and singlet-singlet 

interaction as mechanisms for fluorescence quenching. Temperature effects on 

fluorescence are ignored since the rate o f  fluorescence quenching is very similar for solid 

samples initially at 77 K and 300 K  (fig. 5.11). I f  the fluorescence quenching coefficient, 

Q, is defined as the ratio o f  the number o f  S i—>So relaxation transitions to the total 

number o f  absorption transitions (Q =  1.0 for no fluorescence quenching), then 

comparison o f  the modelled Q with the observed value (fig. 5 .11) allows an estimate o f  

kSs to  be arrived at by iteration. The values used in the model were a photon energy 

h v -  3.5 eV  (laser wavelength X -  350 nm), a laser FW HM  o f  6 ns, k] = 7 .7 x 108 s'1 or

1,7 x 10* s'1 (corresponding to  data presented above and elsewhere [118] respectively), 

kp =  1012 s'1 (prompt relaxation), Oo =  2 .0  x 10'17 cm2 or 7 .0  x 10'17 cm2, c r ; = 1 .0 x  10'17 

cm2 and a total (gas-phase) population density nr ( =  n0 +  th +  nP) =  3 .0  x 1019 cm'3, 

although kSs is independent o f  fir These values are based upon experimental conditions 

[118] and upon data used in more detailed modelling (see Chapter 6).

From the data shown for 2,5-D H B at 300 K in fig. 5 .11, it is estimated that Q 

varies between 0 .87  to  0 .60  within the fluence range 4 - 1 0  mJ.cm'2, Using the values 

given above, kss varies between 2.8 x 10'11 cm3.s'1 to 8 .6  x 10'10 cm3.s"1, M ore 

specifically, using the values o f  Oo ~ 7 x 10'17 cm2 and kt =  7.7  x 10* s'1, as used in 

ionisation modelling (see  Chapters 6  and 7), and for 10 mJ.cm'2 fluence, kss ~ 2 .7  x 10‘10 

cm3 , s'1. This appears to be a reasonable range o f  values for kss given that for anthracene, 

described above. A  reasonable estimate o f  kss for M ALDI matrices, based upon  

measurements made on 2 ,5-D H B , would perhaps be 2 x 10'10 cm 3,s'1 since this exists in



the mid-point o f  the overall calculated range and is close to the value obtained for the 

specific case detailed.

5.5 Conclusions

Collection o f  solution and solid phase fluorescence spectra has allowed estimates 

to  be made o f  fluorescence quantum efficiencies ($qe) Si decay rates, 0-0 ground-singlet 

transition energies (e) and average emission wavelength ( Af) for several common 

M ALDI matrices. Calculated values o f  (f>qe for solid samples were a factor o f  2-3 times 

higher than previously measured. The low  <f>qe and high decay rate for a-C H C  are 

suggested as contributory reasons for the m olecule’s relatively low  desorption/ionisation 

threshold fluence and high degree o f  fragmentation compared with other matrices. The 

increase o f  a m olecule’s vibrational energy following a fluorescence transition is 

estimated to be between 0 .2  and 0 .4  eV. Furthermore, analysis o f  previous fluorescence 

data [118] has allowed an estimate o f  the singlet-singlet annihilation rate constant, kss -  

2 .0  x 10'10 cm3.s'1, to be made. These parameters are valuable both in quantitative 

modelling and to the general understanding o f  the role o f  matrices in M ALDI.
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6 Ionisation Modelling I

6.1 Introduction

Section §2.3.3 summarises the current understanding o f  desorption and ionisation 

mechanisms in M ALDI. Briefly, all significant ionisation is thought to occur in the gas- 

phase desorbed plume [138,141] with analyte m olecules being ionised by collisional 

charge transfer reactions with matrix species [90,146,147], The charge-donating matrix 

in these reactions for UV -M A LD I is presumed to be either the protonated [m+H]+ ion 

[109,138,148] or a photoexcited m olecule, m* [121,147 ,149,150], For the former 

scheme, the radical matrix molecular ion, m+, is often thought to  be a precursor to  the 

formation o f  [m+H]+ ions [138,109,148], their formation taking place during the laser 

pulse [118], I f  such a mechanism dominates matrix ionisation in M ALDI, then a full 

description o f  m+ ion generation will be a necessary and fundamental first step in 

understanding all subsequent ionisation reactions.

This chapter lays down the foundations for quantitative modelling o f  matrix 

ionisation by assuming that gas-phase photoexcited matrix m olecules are ionised to  form  

m+ ions by coupling o f  their vibrational and excited electronic states. Therefore, despite 

many collisions being necessary to  maintain a thermal distribution o f  vibrational energy, 

ionisation proceeds within such an environment as a unimolecular reaction. Such a 

scheme bears som e similarity with thermionic emission, the reservoir o f  vibrational 

energy within the m olecule resembling that o f  the ‘solid’ in thermionic emission. M ore 

direct analogies include the detachment o f  electrons from negative ions [257] and inverse 

electronic relaxation, proposed to  account for excited electronic states in m olecules 

resulting from multiple infrared photon absorption [258-260], Several molecular 

processes, at this stage, are omitted for reasons o f  simplicity but are included in a 

broader assessment o f  the model in Chapter 7.
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6.2 Basic Model

6.2.1 Analysis

Matrix ionisation is assumed to  occur in the desorbed gas-phase plume, during 

the laser pulse, with no molecular energy lost due to the solid-gas phase change. 

M olecules are taken to  be colliding sufficiently frequently that a Boltzmann distribution 

amongst the matrix m olecule vibrational states is maintained, as observed for laser 

desorbed fullerenes [261],

A  simple energy level system is used to  describe matrices under photoexcitation  

(fig. 6 .1), and rate equations used to  determine the population o f  states within the laser 

pulse duration. All m olecules are initially assumed to  be in the electronic ground state, So 

(initial fractional population density n0 = 1), until the absorption o f  a photon o f  energy 

hv, whereupon excitation to  the first excited singlet state, Si (fractional population 

density ni), occurs, follow ed by rapid thermal relaxation (by energy A = hv - e, where e 

is the So-Si vibrationless transition energy) to  the lower vibrational levels o f  Sj. 

Depopulation o f  the S i state may proceed either by decay across the energy gap e  to  the 

ground state at a rate kt (governed by both radiative and non-radiative decay) or by 

photoexcitation to  a higher energy singlet state, Sp (fractional population density np). 

Intersystem crossing to  the triplet manifold is, at this stage, neglected. Loss from the Sp 

state is taken to  be by rapid internal conversion to  Si with a rate kp. Assuming that 

stimulated emission is negligible at the irradiances considered, the rate equations 

governing the change in state populations are as follows:

dn0
~ =  kjnj -  A n0

dt
dn,

= A n Q - B n j - k ^ j  +  k pnp 6.1
dt

= B n , - k pnp * 0
dt
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Figure 6.1. Energy level diagram of matrix molecules.



where A = oJ(t)/(hv), B =  <JiI(t)/(hv), cr0 and <T; are the photoexcitation cross- 

sections from the S0 and Si states, respectively, and I(t) is the laser irradiance.

The average vibrational energy per m olecule, E, is found using:

= A n0A + k j n j e ( l - f )  +  kpnphv 6.2

where /  is the fluorescence quantum efficiency o f  Si and k is Boltzm ann’s 

constant.

Subject to  the constraint n0 + ni + np = 1, and for a laser pulse o f  duration rand  

constant irradiance 1 (i.e. ‘top-hat’ temporal pulse shape, I(t)=I for 0 < t < r), eqns. 6.1 

and 6 .2  can be integrated to  give:

and

ni=t ( 1_eCt) °" t < x 6.3

n„
n,B

0 < t < x 6.4

A D f  -CtV e
t +  “CK c j

A D
+ A A t - — 0 < t < x 6. 5

where D = ([l-f]k!e + Bhv-AA - BAA kp) and C = (A + AB kp +ki). The matrix 

temperature, T, can now  be found from:

T =  T0
2E

H------
sk

6.6

where T0 is the initial temperature o f  the system (293 K) and s is the number o f  

degrees o f  freedom available to  the molecule.
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Ionisation is now  assumed to  proceed from state Sp at an effective ionisation 

potential U (=  Ip + A -  2hv, see fig. 6 .1), either as unimolecular thermal ionisation or by 

absorption o f  a third photon (photoionisation). For the former process o f  excited-state 

thermal ionisation (ESTI), calculation o f  the rate constant, k„, is shown in Appendix B 

and is estimated to be given by:

k i . U x l O “ « p [ - | ]  (s'1) 6.7

where U is the effective ionisation energy o f  a photoexcited m olecule in the Sp 

state (see fig. 6.1). The value o f  the scaling constant (or frequency factor) in this 

Arrhenius-type equation (a = 1.2 x 1016 s'1) compares well with that used for describing 

thermionic emission from the ground state o f  desorbed fullerenes (a = 1.6 x 1016) [261], 

derived using a quantum mechanical hard-sphere m odel [262],

For comparison, the rate constant for direct photoionisation o f  Sp, kpi, can be 

written as:

kpi M h v .
6.8

where the photoionisation cross-section, <ypi, can be estimated using the 

hydrogenic model [263] as:

0,1 = 1.58* lO -17^ )  (cm7) 6 .9

The ion fractions formed by excited-state thermal ionisation, //„, and 

photoionisation, npi, are now  calculated numerically from the rate equations by:

6 2



dt

6.10

respectively. In order to allow eqns. 6.3 - 6.5 to  remain valid as analytical 

expressions, the approximation that kp >> k„ ~  kpi is made such that ionisation from Sp 

represents a negligible perturbation compared with the number o f  neutral m olecules (i.e. 

n0+ n} + np =  1 remains valid throughout).

Once electrons are removed from matrix m olecules, they may either escape from  

the desorbed plume, attach to neutral m olecules to  form negative ions or recombine with 

positive m+ ions. The latter mechanism is described by:

where pe and p, are the electron and ion number densities, respectively, and y is 

the recombination coefficient, given by:

where rc is the electron capture radius, ve is the electron velocity, Te is the free 

electron temperature and me is the free electron mass. Additionally, rc is defined by:

where e is the charge on an electron and so is the permittivity o f  free space. From  

eqn. 6 .12 , Te >  0.1 eV  gives y  < 6 . 7  x 10'5 cm3.s'1 and for n, < 10'5 and a total neutral 

number density, pr<  3 x 1019 cm '3 the recombination time-constant is tr -  (yp,)'1 ^ 50 ps.

6.11

y = m c2v e =  7tr2 N/3kTe / m e 6.12
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Electron attachment to neutral matrix m olecules is described by:

' d p /

k dt J attadimait
= ~ k APe 6.14

where kA is the rate o f  the attachment. kA >  107 s^.torr'1 is representative for 

aromatic m olecules [257] which gives a value for the neutral-attachment time-constant, 

tA = (Pressure xkA)'x < 28 ps, assuming p r=  3 x 1019 cm-3. The average electron loss 

distance, vetA, is <  10 pm  for Te ~  0.1 eV , i.e., less than typical spot-size dimensions, 

although electron escape from the desorbed plume might be expected for low  plasma 

densities if  the electron velocity is directed away from the substrate. The dominant loss 

mechanism o f  free electrons is, however, expected to be by attachment to gas-phase 

neutral matrix m olecules, although, as ion fractions increase, recombination will becom e 

more prevalent.

6.2.2 Results and Discussion

The model is evaluated using the data shown in table 6.1. Briefly, 337 nm (N 2 

laser) pulses with r =  3 ns and o f  constant irradiance are assumed. Measured solid-phase 

absorption coefficients (see Chapter 4 ) provide a reasonable means o f  estimating the 

typical ground state vapour-phase absorption cross-section as 0 0  = 7x 10'17 cm2. 

H owever, the value o f  07 =  1 x 10'17 cm2 for excited state absorption is a cautious 

estimate and one used in the absence o f  any suitable data. Relaxation rates are chosen as 

ki =  1,0 x 109 s'1 and kp =  1.0 x 10'12 s'1, based on representative data from the literature 

[117]. The ionisation energy o f  aromatic m olecules typically lies between 7.5 and 10 eV  

[243], Ip =  8.5 eV  being chosen as a representative value which, together with e  -  3.0  

eV , gives values o f  A -  0 .68 eV  and U =  1.82 eV. For typical matrix m olecules, s is 

dominated by vibration and a fixed value o f  s -  60 is used, which corresponds to ~  70 % 

o f  vibrational m odes being classically populated in a 15-atom molecule. For simplicity, 

S r  So fluorescence is neglected at present ( f -  0).
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X (nm) 337

t  (ns) 3.0

Ip (eV ) 8.5

e (eV ) 3.0

oo (cm 2) 7.0  x 10'17

Gi (cm 2) 1.0 x lO '17

k, ( s ' ) 1.0 x 109

M ? j 1.0 x 1012

S 60

f 0.0

Table 6.1. Values of several parameters used in estimating the 

ion yield o f a ‘generic5 MALD1 matrix.



In fig. 6.2a the fractional ionisations nti and npi are shown as a function o f  laser 

fluence, F. Ionisation arising from excited-state thermal ionisation (ESTI) shows a strong 

dependence on fluence, varying as ~F12 in the vicinity o f  15 mJ.cm '2 Furthermore, 

fractional ion yields o f  //„ ~  5 x 10-6 at 10 mJ.cm '2 and approaching 10'2 at 20 mJ.cm '2 

compare well with the experimentally determined minimum ion fraction o f  ~  10*5 [125], 

This is despite only m odest plume temperatures being reached, e g. ~  1300 K at 

10 mJ.cm '2 fluence (fig. 6.2b). In contrast, the photoionisation yield varies as ~  F 27, 

consistent with a stepwise three-photon absorption process. H owever, npi does not even  

approach 10'5 in the fluence range modelled and so is unlikely to be o f  any consequence.

Results from Dreisewerd et al [145] for 3 ns (FW HM ) 337 nm radiation show  

that the threshold for observation o f  2,5-dihydroxybenzoic acid (2,5-D H B ) matrix ions 

occurs in a region where the number o f  neutral m olecules desorbed approaches a 

maximum, the latter displaying a power law that reduces from ~JF6 near threshold to less 

than unity. Thus, within the useful fluence range for the observation o f  ions, the 

underlying desorption yield can, to  a good  approximation, be taken to be constant and 

the ion yield vs. fluence scaling o f  n, ~  F 10'5 representative o f  the ionisation processes 

near threshold. The calculated ESTI yield thus not only produces the ion fractions 

necessary for successful M ALDI signal acquisition but also show s good agreement with 

the experimentally determined ion yield vs. fluence power dependence within the 

appropriate fluence range. The ~ F 27 dependence that the modelled photoionisation  

exhibits is much weaker than that observed experimentally, again indicating ionisation 

probably follow s an alternative route, such as ESTI.

6.3 Numerical Model

6.3.1 Analysis

Building upon the encouraging agreement with experiments displayed by the 

semi-analytical ESTI model (§6 .2 ), it w as extended to a fully numerical calculation to 

allow  a greater level o f  flexibility in terms o f  experimental conditions and (matrix) 

molecular processes. This flexibility w as tested by including electron removal and
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Figure 6.2. (a) Calculated matrix fractional ion yields for ESTI, n ti, and 

photoionisation, npi, versus laser fluence and (b) matrix vibrational 

temperature versus laser fluence.



subsequent attachment to matrix m olecules as neutral loss mechanisms and by modelling 

ionisation using more realistic temporal laser pulse-shapes than the constant irradiance 

pulse previously assumed.

Assuming that electron-neutral attachment occurs solely with ground state 

m olecules, the rate equations 6.1 governing population o f  the singlet states are modified 

to become:

dn0

dt
dn,

dt

Î Î E
dt

dn;

"dt~

= k , n 1- A n 0 - k inp

= Ano-Bnj-k^j+kpn,,

= B n 1- k pn p - k inp

dn_

dt
k inp

> 6.15

where and n. represent the positive and negative ion fractional number densities 

respectively, and k, represents the sum o f  the rates k„ and kpi. N ote  that the condition 

no + «; + np = 1  is no longer valid and ion number densities must also be included. 

Furthermore, E  is now  calculated numerically using eqn. 6 .2  rather than by the analytical 

expression given in eqn. 6.5,

Four temporal laser pulse shapes were investigated, each being characterised 

principally by pulse length, r, and fluence, F. To provide a useful format for numerical 

modelling, all laser pulses were calculated in terms o f  temporal irradiance, l(t).

The ‘top-hat’ laser pulse is identical to that used in the semi-analytical model 

(§6 .2 ) in that it describes a constant temporal irradiance o f  duration r (fig. 6,3a), 

described in terms o f  fluence simply by:

6.16
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2500

Figure 6.3. (a) Temporal irradiance profile of a 15 mJ.cm'2 3 ns constant irradiance laser pulse, (b) Excited state thermal ionisation 

(ESTI, nt})  and photoionisation (npi) ion yields and matrix vapour temperature as a function o f fluence. (c) Temporal evolution of 

nti, tipi and temperature at a fluence o f 15 mJ.cm'2. (d) Variation o f ESTI and photoionisation rates within a 15 mJ.cm"2 laser pulse.

See table 6.1 for parameter values.



Laser pulses approximated by a triangular temporal irradiance possess a 

maximum irradiance, Imax, and were defined by r, F, the time o f  maximum irradiance, 

tmax, and the pulse termination time, tend, (see fig. 6 .4a for tmax =  V2  te»d) to give:

2F

lend
6.17

* mo'
( 0 < t < t max) 6.18

,  _ t ^  
l end 1

^ lend " ^max '

(tmax < t < tend) 6.19

Gaussian laser pulses, with the time constant, r, governing the full width at half 

maximum (FW HM ) time, were defined to start ( /  =  0) and finish (t = tenil) when l(t) was 

10'3 o f  the peak irradiance, I(tmiD)  =  Imax. The irradiance between these limits was 

described by (see fig. 6.5a):

I(t) =  Imax exp
ft — t )2Vv '-max/

(0  < t < tend) 6.20

which provides:

FW HM

X _ 2y[\n2
6.21

tend ~  ^tmax -  2 tVln lO

and can be integrated to give:

Imax

6.22

6.23
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2500

Figure 6.4. (a) Temporal iiTadiance profile o f a 15 mJ.cm'2 3 ns triangular laser pulse, (b) Excited state thermal ionisation 

(ESTI, n ti)  and photoionisation {npi)  ion yields and matrix vapour temperature as a function o f fluence. (c) Temporal evolution of 

fin, npi and temperature at a fluence o f 15 mJ.cm'2. (d) Variation ofESTI and photoionisation rates within a 15 mJ.em'2 laser pulse.

See table 6.1 for parameter values.
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Figure 6.5. (a) Temporal irradiance profile o f a 15 mJ.cm"2 3 ns full width at half maximum (FWHM) Gaussian laser pulse.

(b) Excited state thermal ionisation (ESTI, nti) and photoionisation (npi)  ion yields and matrix vapour temperature as a function of 

fluence. (c) Temporal evolution o f nti> npi and temperature at a fluence o f 15 mJ.cm'2. (d) Variation o f ESTI and photoionisation

rates within a 15 mJ.cm'2 laser pulse. See table 6.1 for parameter values.



Temporal laser pulse shapes characteristic o f  those emitted by excimer lasers wth 

unequal rise and fall times can be described by [264] (fig. 6.6a):

l(t) = F P P̂ + - -e~pt( l -  e -qt)  (0  <  t < te„d) 6.24

where p  and q are pulse-defining parameters and tend is defined by I (tend =  10'3 x 

Imax, approximated by:

t end 6.25

6.3.2 Results and Discussion

Figures 6.3 b-d shows the modelled ion yield and temperature vs. fluence, the 

temporal evolution o f  ionisation and temperature within a 15 mJ.cm'2 laser pulse and 

ESTI and photoionisation rates within a 15 mJ.cm'2 laser pulse, respectively, for a top- 

hat temporal laser pulse shape. Figures 6 .4  - 6 .6  replicate this data for triangular (tenj  =  3 

ns), Gaussian (FW HM  =  3 ns) and excimer (p=  1 x 109 s'1 and q = 2  x 108 s'1) temporal 

laser pulse shapes, respectively.

The fluence-dependent characteristics (figs. 6.3b - 6.6b) are very similar to  those 

determined semi-analytically (fig. 6 .2), w ith ion fractions approaching 10'2 for ESTI but 

never reaching greater than 10"6 for photoionisation for the fluence range modelled. ESTI 

retains the strong dependence on fluence, e g. for the Gaussian (3 ns FW HM ) laser pulse 

(fig. 6.5b), nti varied approximately as FiL6t F*'s and F5’9 at fluences o f  10, 15 and 20  

mJ.cm'2, respectively. Comparison o f  fig. 6.3b with fig. 6 .2 , in which identical laser 

pulses are considered, shows both ion yields to  be almost identical. The matrix 

temperatures shown in figs. 6.5b and 6.6b are higher than in figs. 6.3b and 6.4b due to  

both the former cases having an extended laser pulse tail. This allows excited matrix 

m olecules more time to relax to the ground state, thus heating the matrix system. Top-
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3000

Figure 6.6, (a) Temporal irradiance profile o f a 15 mJ.cm'2 excimer laser pulse, (b) Excited state thermal ionisation (ESTI, n ti)  

and photoionisation {npi)  ion yields and matrix vapour temperature as a function o f fluence. (c) Temporal evolution o f npi and 

temperature at a fluence o f 15 mJ.cm'2. (d) Variation of ESTI and photoionisation rates within a 15 mJ.cnT2 laser pulse. See table

6.1 for parameter values.



hat and triangular laser pulses have a more well defined cut o f f  point at which time there 

will still be a significant fraction o f  excited matrix species. Figures 6 .3c - 6 .6c show that 

whereas photoionisation may proceed from the early parts o f  the laser pulse, ESTI relies 

on an increase in matrix temperature before becom ing significant. O f the ionisation rates 

shown (figs. 6.3d - 6.6d) perhaps that resulting from (3 ns FWHM) Gaussian shape laser 

excitation (fig. 6.5d) is most easily understood. Here, as expected, photoionisation is 

seen to follow  approximately the instantaneous laser irradiance (photoionisation FWHM  

» 1 . 8  ns), whereas ESTI proceeds in the later stages o f  the laser pulse, i.e. beyond the 

peak irradiance. It is in this tim e-window that the temperature o f  the matrix starts to  

increase due to  the non-radiative relaxation o f  photoexcited molecules; rises rapidly 

but reaches a maximum value and then decays ow ing to  the diminishing photon flux and 

subsequent decrease in np. Despite the temperature continuing to  increase, the temporal 

shape o f  the ESTI rate displays a FW HM  o f  only ~  1.5 ns due to the decrease in np. 

Since ESTI occurs over a shorter time than that o f  the laser pulse, it will not limit the 

resolution o f  M ALDI analysis. Furthermore, such a short timescale event is consistent 

with experimental observations o f  m+ ions being observed to  be formed within the laser 

pulse [118],

6.4 Conclusions

M odelling o f  excited-state thermal ionisation (ESTI) in the desorbed plume 

suggests the process to  be a plausible matrix ionisation route in M ALDI. Several 

simplifications are made, e g, neglect o f  triplet states, but numerical modelling allows 

more realistic laser pulse shapes to be considered than would otherwise be possible. 

ESTI exhibits an ion yield vs. fluence relationship that is in good  agreement with 

experiment. N o  fundamentally new  processes are necessary but rather the conjunction o f  

existing known mechanisms. For a 3 ns FW HM  Gaussian laser pulse, positive ions are 

created within a 1.5 ns FW HM envelope, suggesting that the mass resolution o f  the 

resultant spectra will not be significantly limited by this ionisation route. The primary loss 

o f  electrons is proposed to  be through attachment to neutral m olecules, leading to  an 

equal number o f  positively and negatively charged matrix ions being produced.
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Formation o f  protonated matrix ions and analyte ions is then possible through gas-phase 

proton or charge transfer reactions, as is commonly discussed [109,121,141].
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7 Ionisation Modelling ii

7.1 Introduction

In Chapter 6 a model o f  excited state thermal ionisation (ESTI) o f  gas-phase 

matrix m olecules in matrix-assisted laser desorption/ionisation (M ALDI) was shown to  

successfully predict certain experimental observations. H owever, several processes were 

neglected for reasons o f  simplicity. This chapter develops ESTI to take into account 

pertinent mechanisms, previously omitted, and investigates their effect. Furthermore, the 

influence o f  several important molecular parameters on M ALDI is explored and 

comparisons with experiment, further to those described in Chapter 6, are made.

7.2 Additional Processes

The values o f  basic parameters used here are the same as those used in Chapter 6, 

listed in table 6.1, and 3 ns top-hat (constant irradiance within pulse duration) laser 

excitation is assumed throughout. Each o f  the following mechanisms are considered in 

isolation, i.e. their effects are analysed individually with reference to the results in 

Chapter 6 and not cumulatively, although excited state interactions and electron-ion  

recombination are considered alongside triplet states by necessity. H owever, the 

mechanisms are required to be incorporated into the basic m odel, as given in Chapter 6. 

A s such, all rate equations given henceforth that govern population changes are 

combined with those in eqn. 6.15 whilst those describing changes in molecular internal 

energy, E, are included within eqn. 6.2.

7.2.1 Temperature-dependent Heat Capacity

Until now , the calculation o f  matrix temperature from the average excess energy 

per m olecule has been approximated by assuming a fixed number o f  vibrational degrees 

o f  freedom. Although this has previously been justifiable within the context o f  

investigating the plausibility o f  an ESTI mechanism, further refinements to  the model
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must address the issue more carefully, particularly considering the strong influence that 

temperature is likely to have on ion formation within ESTI. An alternative, and more 

accurate, method o f  calculation regards each vibrational m ode o f  a (gas-phase) matrix 

m olecule as contributing towards the heat capacity by an extent dependent on the 

frequency o f  the m ode and on the matrix temperature itself.

B ow ley and Sanchez [265] provide a statistical mechanics treatment o f  harmonic 

oscillators. Essentially, the allowable energies, e„, o f  a one dimensional harmonic 

oscillator o f  angular frequency <o are given by:

£ n =/ko
< 0  

n +
v 1J

n =  0,1,2,3,.. . 7.1

from which the partition function, Z, is defined as:

z = E
r M n+/2)/ 'kT

n=0
_  -fro/2kT +  e -3/to/2kT +  e ~5/to/2kT +  

-Aw/2kT

j _ e -to/kT

7.2

where the exact expression for a geom etric progression is used and T is the 

system temperature. The Hemholtz free energy, F, may then be calculated as:

F = -k T ln (Z ) = y  + kT ln(l -  7.3

from which the entropy, S, can be shown to be:
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and the heat capacity o f  the harmonic oscillator, C

h W  e*“/l‘T 

A S t J kT2 (e*"''kT- l ) J

N ow , assuming that the vibrational m odes o f  a polyatomic matrix m olecule may 

be regarded as the sum o f  several 1-D harmonic oscillators, the total vibrational heat 

capacity, CW, is now  expressed as the sum o f  C 'fo r  all i molecular vibrations o f  angular 

frequency a>,\

c , * = Z c ;  =  2 — ?

,ft(Oj/kT

kT 2 je te,/k T _ j j 2
7.6

Assuming that rotational degrees o f  freedom are saturated at the temperatures 

involved (room  temperature), the 3 translational and 3 rotational degrees o f  freedom will 

each contribute Vik towards the total heat capacity, C, i.e.:

C =  C vib + 3k =  £
i

h2 o ?  e ^ ' /kT

kT2 (e K / k T _ ^ 2
+  3k 7.7

The change in energy, E, between temperatures Tj and h  is found by integrating 

eqn. 7 .7  to  provide:

E =  j c d T 3kTJ + X '
exp

tuOj

lk T ,y

3kT, + 2 -

exp

tla ;

J l u

7.8

The 45 vibrational frequencies o f  the 17-atom M ALDI matrix

2,5-dihydroxybenzoic acid (2 ,5-D H B ) have been determined previously [266] and allow  

eqn. 7 .7  to  be calculated (fig. 7.1) and temperature (Tm 7 »  to  be plotted as a function o f
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Figure 7.1. Heat capacity of vapour phase 2,5-dihydroxybenzoic acid as a 

function of temperature, calculated from molecular vibrational frequencies.



E  (using eqn. 7 .8), assuming a fixed value o f  Ti =  293 K (fig. 7.2). A  6th order 

polynomial fit to  the data shown in fig. 7.2 then allows the temperature to  be calculated 

as a function o f  E, the polynomial coefficients being listed in table 7.1. A lso shown in fig.

7.2 is the temperature o f  the matrix plume as determined using eqn. 6 .6  assuming a 

constant contribution from a fixed number o f  degrees o f  freedom, This linear relationship 

describes the temperature reasonably well up to  E ~ 3 eV , above which it increasingly 

overestimates temperature compared with that calculated using the temperature- 

dependent method, detailed above.

The effect o f  temperature-dependent heat capacity on the modelling o f  M ALDI 

matrix ionisation by ESTI is shown in fig. 7.3. Clearly the lower final matrix 

temperatures at fluences greater than 7 mJ.cm'2 with a variable heat capacity compared 

to  the simplified, fixed heat capacity (fig. 7.3b) leads to the concomitant difference in the 

ESTI fractional ion yield, nti, at fluences greater than 10 mJ.cm'2 (fig. 7.3a). For example, 

at 20 mJ.cm'2 the temperature is over 300  K lower using the variable rather than fixed 

heat capacity m odel, and nti is reduced by a factor o f  more than 3 for the former case.

7.2.2 Triplets

A  modified energy structure is necessary compared to  that used previously in 

order to include triplet states, as shown in fig. 7.4. Essentially, there are four additional 

parameters that govern triplet state populations, The low est triplet state, Ti (fractional 

population density n,i), is found at an energy ei3C below  the first excited singlet state St 

(fractional population density energy above ground (S 0) state e). Population transfer 

between these tw o states is governed primarily by the inter-system crossing rate 

constant, k,sc. Rate equations are again used to describe inter-system crossing, both from  

St to Ti and from Ti to  Si where the energy barrier eiac must also be overcom e (leading 

to  ‘E-type’ fluorescence [243]):

dt isc

dn,

~dT
=  n ik isc- n u k iscexp|

isc

£isc
kT

7.9
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Figure 7.4. Energy level diagram of matrix molecules 
including triplet states.



Figure 7.2. Calculated temperature of vapour phase

2,5-dihydroxybenzoic acid as a function of molecular internal energy.



Ao 293,0

A , 645.5783

A 2 -2 2 1 .8 6 1 1

a 3 69.8133

A* - 11.7505

A s 0.988426

A$ - 0.03263

Table 7.1. Values o f polynomial coefficients used to fit matrix temperature, 

T, to excess energy per molecule, E , based on the vibrational frequencies of

2,5-dihydroxybenzoic acid [266].
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Figure 7.3. (a) ESTI yield and (b) temperature of matrices using constant 

and temperature-dependent heat capacities.



Obviously, the S 1-T 1 transition will increase a m olecule’s vibrational energy by 

Em whereas the T 1-S 1 transition will require energy eisc to  be lost from a molecule.

M olecules in the Ti state may be excited to a higher lying triplet state Tp 

(fractional population density n,p) by the absorption o f  a U V  photon (see fig. 7 .4) with an 

absorption cross-section <jt. From state Tp m olecules will relax non-radiatively by internal 

conversion back to  Ti at a rate k,p, leading to  heating o f  the matrix m olecule by an 

amount h v. The rate equations describing these transitions are:

where /  is the instantaneous laser irradiance and hv  is the photon energy. 

Fukumura and Masuhara attributed U V  laser induced polymer heating to cyclic T i-T p 

absorption and relaxation [119], a process which may be relevant to ESTI.

Ionisation from state Tp is neglected, as are Ti-So (ground state) transitions since 

the relaxation rate is typically o f  the order o f  m icroseconds [243].

Typical triplet rate parameters for laser dyes and other aromatic m olecules 

[117,243] were used to  provide k,sc =  1 x 108 s"1, eisc -  0 .75 eV , at ~ 1,0 x 10'17 cm2 and 

ktp =  1.0 x 1012 s'1 (er, and ktp are estimated by analogy with the equivalent singlet 

parameters given in §6.2.2). Variation o f  kisc around a value o f  kisc =  1 x 10* s'1 changes 

the final values o f  nti and temperature, T (fig. 7.5). A s kisc increases, and hence the 

relative population o f  triplet states, both nu and T decrease. The inclusion o f  triplet states 

causes singlet state populations to decrease with tw o main effects: firstly, matrix heating 

by non-radiative Si-So relaxation is reduced (fig. 7 .5) since the transition occurs less 

frequently, and, secondly, fewer m olecules reach the highly excited Sp singlet state from  

which ionisation may take place. Both o f  these effects contribute to the decrease in n„ 

seen in fig. 7.5. Taking a value o f  kisc = 1  x 108 s'1 as a representative rate for inter

system crossing, ESTI is reduced by a factor o f  more than 2 when triplet states are

7.10
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included in the modelling. Furthermore, over the range k,sc = 1  x 107 s'1 - 1 x 109 s'1 the 

final value o f  n„ is reduced by approximately tw o orders o f  magnitude.

Increasing elsc or o, both marginally increase matrix heating leading to a small 

increase in nti.

7.2.3 Excited State Interactions

§5.4.2 provides a brief description o f  excited state interactions between singlet 

state m olecules and estimates the singlet-singlet interaction rate parameter, kSs ~  

2 x 10'10 cm3.s'1. Equation 5.16 describes singlet-singlet interactions and introduces 

another excited state, S'p (fractional population density n'p), lying at an energy double 

that o f  the low est vibrational level o f  S i, i.e. 2e. Triplet-triplet interaction processes 

which result in tw o singlet state m olecules are known to occur [243], e g.

Tj + T j — ^ U S o + S " — ¿-»So +  S! 7.11

where S''p (fractional population density n"p) is a high-lying singlet state, but 

these and singlet-triplet interactions are usually negligibly small in number due to the low  

So - Ti transition moment [243], Ionisation from S'p can be neglected since the energy 

gap to  the ionisation energy, Ip, is larger compared with the photoexcited Sp state. 

Relaxation from S'p to  Sj at a rate kp (=  1012 s'1) will, however, cause matrix heating by 

an amount e.

For the purposes o f  modelling, and because S'p - Si relaxation is assumed to  be 

rapid, the excited states arising from singlet-singlet interactions are taken to  immediately 

populate the Si state, with matrix heating also occurring instantaneously due to the 

assumed relaxation. The rate equation expressions due to  excited state interactions (esi) 

are, therefore:

76



► 7.12
'd n ,N 

< dt / esi

SS

ss

dE
dt-

where the population terms and energy term are considered additionally to those  

in eqn. 6.15 and eqn. 6 .2 , respectively, as has already been explained. Figure 7 .6  shows 

plots o f  nti and T as functions o f  kss for a fluence o f  15 mJ.cm’2 Over the tw o orders o f  

magnitude variation in kss, T increases by ~  600  K. This in turn causes the observed 

increase in varying by almost an order o f  magnitude over the same range. M ore 

specifically, the matrix heating due to excited state interactions leads to  an increase in nu 

by a factor o f  ~  5 for k s s -  2 x 10'10 cm3.s'1 and a fluence o f  15 mJ.cm'2

7.2.4 Electron-ion Recombination

Electron-ion recombination may act as a competing process to  electron-neutral 

attachment in the loss o f  free electrons and, i f  significant, will lower the efficiency o f  ion 

production. Equations 6 .20  - 6 .22 provide the mathematical descriptions o f  the electron 

loss processes. Once ionised, the ratio o f  neutral attachment to  ion recombination rates 

will determine what fraction o f  ions will remain in their charged state and a 

corresponding negative ion formed. Having recombined with positive ions, electrons are 

expected to be in either the Sj or Ti state [244], populating the Tj state three times as 

often as in the Si state due to  the three-fold degeneracy o f  triplet states. Furthermore, a 

significant degree o f  matrix heating will occur upon recombination, equal to  (Ip - s) or 

(Ip - e+  slsc) for the resulting neutral m olecule being in the singlet or triplet manifold, 

respectively. In deducting m olecules from the neutral population for electron-neutral 

attachment, it is assumed the neutral m olecule is in the ground (So) state. Heating due to 

electron-neutral attachment is ignored.

Using the values given in §6.2.1, a plot o f  the final fraction o f  ions produced with 

and without electron-ion recombination being included is shown in fig. 7.7. Clearly, it is
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only at the highest fluences, where ion fractions reach in excess o f  10'3, that electron-ion  

recombination noticeably affects the number o f  ions. Even in this region, however, 

including recombination into the modelling only reduces the matrix ionisation by a factor 

o f  2.

7.2.5 Thermionic Cooling

When a m olecule becom es thermally ionised, vibrational energy is expended in 

the transition. For example, cooling o f  gas-phase desorbed ftjllerenes has previously been 

attributed to thermionic emission from the ground state [267], The reduction in energy 

for a thermal ionisation from the Sp state will be U =  Ip - e -  hv. H owever, when such a 

term w as added into the ionisation m odel, a negligibly small difference in ESTI was 

observed (<  1 % for up to  20  mJ.cm"2 fluence).

7.2.6 Fluorescence Heating

The majority o f  Si - So fluorescence transitions are at energies lower than e, the 

remainder o f  the energy becoming thermalised collisionally. For example, the average 

fluorescence wavelengths, k/, determined for solid matrix films (table 5.3) o f  between  

430  nm - 485 nm correspond to photon energies between 2.88 eV  - 2 .56  eV , compared 

with values o f  e  (table 5.2) o f  between 2 .86  eV  and 3 .19  eV.

Introducing fluorescence has the effect o f  reducing the matrix temperature since 

the number o f  non-radiative transitions is decreased. For example, at 15 mJ.cm'2 the final 

matrix temperature drops from 1755 K to  1449 K when the fluorescence quantum 

efficiency, / ,  is increased from 0 .0  to  0 .3 , leading to  a decrease in ESTI from  

nti ~  3 .6  x Iff4 to  nti ~  2 .6  x 10'5. A llowing for heating due to  remnant vibrational energy 

following a fluorescence transition reduces the change in vibrational energy to  give a 

final temperature o f  1480 K, yielding nu ~  3 .6  x 10'5 for X / =  460  nm, / =  0,3 and 

15 mJ.cm'2 fluence. Thus, although this ‘fluorescence heating’ is not o f  primary 

importance, its influence is to compensate slightly for the loss o f  energy through radiative 

emission.
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7.3 Influence of Experimental Parameters

Observation o f  how  ESTI varies with different molecular parameters may help in 

the understanding o f  the related processes and provide a platform for experimental 

verification o f  the proposed ionisation mechanism. Here, the influence o f  various 

parameters are investigated using the fully numerical ionisation model described in §6.3 

with all o f  the additional processes discussed in §7.2 included. A  3 ns full width at half 

maximum (FW HM ) Gaussian laser pulse at 337 nm (N 2 laser) is assumed throughout. 

Table 7.2 lists all o f  the other standard parameter values used. N ote  that representative 

data for Si - So decay rate, kj, fluorescence quantum effic ien cy ,/, 0-0  So - Si transition 

energy, e, and average fluorescence wavelength, X/, were taken rom the results 

described in Chapter 5. The effect o f  varying each o f  the parameters w as considered in 

isolation to any other changes, the standard values listed in table 7.2 being reverted to  

after investigation o f  a specific mechanism.

Perhaps the most obvious o f  the molecular properties to  investigate is the 

absorption o f  laser light, characterised by the ground state absorption cross-section, g0 

(see Chapter 4). nt, is shown as a function o f  laser fluence for several different values o f  

oo in fig. 7.8. The strength o f  the dependence o f  ESTI on ob is remarkable with  

increasing by over eleven orders o f  magnitude at a fluence o f  15 mJ.cm*2 for a change in 

Go o f  only one order o f  magnitude. The power law dependence o f  nti changes with CT& for 

example, nu ~  ob13 for a0 =  2 x 10'17 cm2 and n„ ~  go for gq =  7 x 10'17 cm2. As 

investigated experimentally (Chapter 4), this strong dependence underlines the primary 

importance that ground state absorption o f  laser energy plays in M ALDI, since 

population o f  the Si state is responsible for both the resultant heating o f  matrix 

m olecules and ensuring that population o f  Sp is possible, from which ionisation may take 

place. A lso, absorption is perhaps one o f  the more easily altered experimental conditions 

and so the matrix ion dependence on Go one o f  the more easily verified relationships 

(see  §4.5).
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k  (nm) 337
t  (ns) 3.0

Ip (eV) 8.5
8 (eV) 3.0

00 (cm2) 7.0 x 10'17
o i (cm2) 1.0 x 10'17
k. (» ') 7.0 x 10®
kp (s '1) 1.0 x 1012

f 0.3
kisc (s '1) 1.0 x 10*
Eisc (eV) 0.75
0 , (cm2) 1.0 x 10'17
k,P (s '1) 1.0 x 1012
k f (nm) 460

kss (cm3.s'1) 2.0 x 1010

Table 7.2. Values of parameters used in estimating the ESTI yield of a 

‘generic’ MALDI matrix, based on experimental data where available.



Figure 7.8. ESTI yield as a function of laser fluence for several different

values of the matrix ground-state optical absorption cross-section, gq.



Figure 7.9 shows the variation in nti as a function o f  fluence for different values 

o f  the excited (S i)  state absorption cross-section, cry. Across an order o f  magnitude 

variation in cry, nt, varies by approximately three orders o f  magnitude over the fluence 

range investigated. Although this dependency is not as marked as that in fig. 7.8 for o0, 

the relationship is still very strong indeed, since providing increased excitation to  Sp 

again allows greater matrix heating due to internal conversion back to Si and a greater 

number o f  m olecules amenable to  thermal ionisation.

In contrast to  these large changes with absorption cross-sections, the singlet- 

ground relaxation rate, A y, causes very little alteration in the level o f  ESTI. Figure 7.10  

again shows nti as a function o f  fluence, but this time for various values o f  ki. nti changes 

by, at most, a factor o f  tw o for a change in Ay o f  tw o orders o f  magnitude. Although this 

might appear surprising at first, the value o f  Ay controls the balance between tw o  

processes, both o f  which contribute towards an increased rate o f  ESTI. I f  Ay is low , then 

the population o f  Si will build up causing more m olecules to  be excited to  the Sp state, 

from where ionisation can take place. An increase in Ay infers a greater degree o f  non- 

radiative relaxation to So and the corresponding increase in matrix temperature appears 

to offset the lower Sp population.

Figure 7.11 show s the nu vs. fluence characteristics for three close-lying  

wavelengths corresponding to  XeCl (308 nm), N 2 (337  nm) and frequency-tripled 

N d:Y A G  (355 nm) lasers, assuming o0 is constant throughout. Despite these small 

differences in wavelength, nu spans tw o orders o f  magnitude at a fluence o f  15 mJ.cm'2. 

Differences in matrix heating between the different wavelengths are likely to be minimal 

since the greater heating per photon o f  shorter wavelength radiation will be offset by the 

greater number o f  long wavelength photons, assuming an equal fluence. H owever, the 

effective ionisation potential, U, will be smaller for higher energy photons 

(U = Ip - e - h v )  leading to  more efficient thermal ionisation (eqn. 6 ,16). This factor 

alone appears to  explain the stark differences in ESTI for the different laser wavelengths, 

variations in matrix heating and excited state populations making a negligible 

contribution. Similarly, changing e or Ip directly affects the value o f  11 leading to
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Figure 7.9. ESTI yield as a function of laser fluence for several different

values of the matrix excited-state (Si) optical absorption cross-section, crj.



Figure 7.10. ESTI yield as a function o f laser fluence for several different

values of the matrix singlet-ground relaxation rate, kj.



Figure 7.11. ESTI yield as a function of laser fluence for different 

wavelengths corresponding to XeCl (308 nm), N2 (337 nm) and 

frequency-tripled Nd:YAG (355 nm) lasers.



dramatic changes in ESTI. For example, changes in e o f  approximately 7 % or less can 

cause order o f  magnitude changes in nti (fig. 7.12).

Figure 7.13 shows nti and the fractional photoionisation, npi, at a fluence o f  15 

mJ.cm'2 for laser pulse lengths between 1 ps - 30 ns. A s is expected, photoionisation 

dominates for short pulse lengths, where the irradiance is higher, and decreases in 

magnitude as the pulse lengths are extended. N ote, however, that stimulated emission, 

whilst not considered here, may limit the amount o f  matrix ionisation for short pulse 

lengths by depopulating Si. At a pulse length o f  -  0.5 ns, ESTI becom es the more 

significant matrix ionisation process and continues to  increase until a maximum is 

reached at a pulse length o f  ~  10 ns. The increase in ESTI up to this point can be 

understood in terms o f  excited state matrix m olecules being allowed a greater time to  

relax within the laser pulse and contribute to the matrix heating. Such heating within the 

laser pulse is important since thermal ionisation must take place whilst there exists 

sufficient laser irradiance to maintain a reasonable Sp population. A s laser pulse lengths 

increase beyond 10 ns, matrix relaxation within the laser pulse duration is already almost 

100 % efficient meaning that the reduction in the Sp state population within the 

increasingly lower irradiance pulses will limit matrix ionisation.

7.4 Comparisons with Experiment

Although the model o f  ESTI provides good agreement with the power law  

dependence shown by matrix ions on laser fluence (see refs. 125 and 145, and §3 .4.3), 

further comparisons with experiment may serve as verification o f  the proposed ionisation 

mechanism.

A s discussed in §2.3.3, the threshold fluences for the observation o f  analyte ions 

using 560 fs (FW HM , 248 nm wavelength) and 3 ns (FW HM, 337 nm wavelength) lasers 

were very similar [160], the authors proposing that the total energy deposited in samples 

by the laser is o f  greater importance than irradiance, H owever, the ion scalings with 

fluence appear to be very different for the tw o lasers, the ion signal using the 560 fs laser 

increasing much more slow ly than with the 3 ns laser. This may indicate that different
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Figure 7.12. ESTI yield as a function of laser fluence for different values of

the 0-0 ground-singlet transition energy, e.
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15 mJ.cm'2 N2 laser (337 nm) incident pulse.



matrix ionisation mechanisms are applicable for the tw o lasers, assuming that matrix 

ionisation is a pre-requisite for analyte ionisation. The rapid rise in ion signal with the 

3 ns laser is in agreement with other experimental observations (refs. 125 and 145, and 

§3.4.3) and with ESTI modelling, whilst the slow  increase in ion signal using the 560 fs 

laser may be indicative o f  matrix photoionisation, perhaps including instantaneous 

multiphoton absorption at such short pulse lengths. Certainly, the modelling here 

suggests this to  be a likely ionisation route for such short pulse lengths (see §7.3), 

particularly as the photon energy (~  5 eV ) is such that absorption o f  only tw o photons is 

sufficient. H owever, if  this is the dominant mechanism for such short pulses, the 

experimental results in ref. 160 suggest that modelling o f  photoionisation here may have 

overestimated its significance since fig. 7.13 shows photoionisation for picosecond laser 

pulses to be over an order o f  magnitude greater than ESTI with nanosecond pulses.

The data discussed in Chapter 6 from Dreisewerd et al [145] were obtained using 

a 3 ns (FW HM) N 2 laser and the experiment was subsequently repeated using a 0.55 ns 

(FW HM ) N 2 laser [154], The authors expressed surprise at matrix ions actually 

appearing at higher fluences with the shorter pulse length laser when the irradiance was 

almost six times higher than for the earlier experiments. H owever, fig. 7.13 suggests that 

this is to  be expected i f  ESTI is the dominant matrix ionisation mechanism, with nti 

decreasing when moving from a 3 ns to a 0.55 ns laser pulse. I f  threshold fluences, F,h, 

from the experimental data are assumed to be at the point at which matrix ions are first 

observed, this gives values o f  F,h ~ 7 mJ.cm'2 and Fth ~  9 mJ.cm'2 when using the 3 ns 

and 0.55 ns lasers, respectively. Figure 7.14 shows plots o f  nu determined using the 

standard matrix parameters listed in table 7.2 but with laser pulse lengths o f  3 ns and 

0.55 ns (FW HM) in order to  replicate the experimental conditions. It can be seen that the 

predicted ion yield threshold fluence for the 0.55 ns laser is higher than for the 3 ns laser. 

If  the value o f  nti at 7.0 mJ.cm'2 for the 3 ns laser (n„ -  3 .4 x 10'8) is assumed to  be the 

threshold ionisation level for matrix detection, then the intersection o f  the 0.55 ns laser 

ion yield with this value provides an estimate o f  Fth ~ 9 .0 mJ.cm'2 for the shorter pulse 

length laser. This is in excellent agreement with experiment, although it should be borne 

in mind that the assumption is made that the neutral desorption yield is constant in both 

cases, as discussed in §6.2.2.
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Figure 7.14. ESTI yield as a function of laser fluence for 

temporal laser pulse widths of 3 ns and 0.55 ns.



Tang et al [161] showed that an optimum delay time (< 10 ns) exists between the 

incidence o f  tw o collinear laser pulses for the formation o f  analyte ions. This is most 

easily explained by ESTI o f  matrix m olecules, the ionised matrices providing the charge 

for all subsequent ions. Within this scheme, the delay between the laser pulses ensures 

that a significant fraction o f  excited m olecules due to  the first laser pulse will have 

relaxed before the second laser pulse arrives, thus ‘pre-heating’ the matrix. This matrix 

pre-heating will then allow ESTI to proceed more efficiently within the second laser 

pulse to give an ion yield greater than if  both laser pulses had arrived simultaneously,

Finally, the investigation described in §4.5 o f  the 2,5-D H B ion yield, F, 

dependence on fluence for lasers o f  different wavelength can be discussed in terms o f  the 

ESTI model. Data appropriate to the N 2 (3 ns FWHM; 337 nm) and XeCl (10  ns 

FW HM , 308 nm) lasers used experimentally were included in the modelling and values o f  

kj = 1.8 x 108 s'1 and/ =  0 .59 were obtained using data from Chapter 5. H owever, even 

assuming that a0 =  7 x 10'17 cm2 at 337 nm, it is unclear from the absorption data (§4.3) 

what value to ascribe to ob at 308 nm since gas phase, rather than solid phase, absorption 

is likely to dominate, thus altering the relative values. Nevertheless, fig. 7.15 shows plots 

o f  nti as a function o f  fluence, F, assuming a o -  2 x 10"17 cm2 at 308 nm. For the N 2 

laser, agreement with experiment is excellent with nti ~  F10 2 over the relevant fluence 

range (cf. §4.5 and fig. 4.6: F ~  F 10'1). For the XeCl laser the agreement is poorer, with 

ntl ~ F94 predicted compared with Y ~ F1'6 obtained experimentally over the 

20 - 40  mJ.cm'2 range (§4.5 and fig. 4.6). Furthermore, the relative value o f  nu for the 

XeCl laser compared with that for the N 2 laser appears to be slightly too  large 

considering the ion yields observed experimentally (fig. 4,6). Despite these discrepancies, 

ESTI describes the matrix ion yield using lasers o f  different pulse length and wavelength  

to a satisfying extent.

7.5 Conclusions

Consideration o f  previously neglected processes relevant to the modelling o f  

excited state thermal ionisation (ESTI) o f  matrix m olecules in M ALDI shows their 

influence on matrix ion generation to  be sufficiently large to  warrant their inclusion. In
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Figure 7.15. Modelled ESTI yield of 2,5-dihydroxybenzoic acid 

as a function of laser fluence using N2 (337 nm) and XeCl (308 nm)

laser radiation.



particular, a temperature-dependent heat capacity, based on the vibrational m odes o f  

matrix m olecules, and the inclusion o f  triplet states reduce ESTI whereas interactions 

between photoexcited matrix m olecules act to  increase this. Thermionic cooling has little 

influence on ESTI and electron-ion recombination only marginally reduces the number o f  

matrix ions at high laser fluences ( 1 5 - 2 0  mJ.cm'2). ‘Fluorescence heating’ has little 

direct effect but does partly offset the energy loss through radiative Si - So relaxation.

Investigations o f  the influence o f  experimental parameters on ESTI indicated that 

a strong dependence on the absorption o f  laser photons is likely, particularly ground state 

absorption. Surprisingly, variation by tw o orders o f  magnitude in the Si-So decay rate 

has little effect on ESTI o f  matrices; a fast decay rate results in a lower population o f  an 

upper excited state, Sp, from where ionisation may proceed but this is compensated for 

by the higher matrix temperature due to an increased number o f  non-radiative relaxation 

transitions. For slow  decay rates, the opposite is true. Changes in laser wavelength, 0-0  

ground-singlet transition energy and ionisation potential are all, ultimately, responsible 

for changes in the effective ionisation potential that is presented following the absorption 

by a m olecule o f  a second photon. Small changes in these experimental parameters, 

therefore, will have a marked influence on the number o f  ions produced. Photoionisation  

becom es increasingly prevalent for short laser pulse lengths whereas ESTI increases with 

longer pulse lengths until a maximum is reached at a pulse length o f  -  10 ns (FWHM). 

This maximum is apparent since matrix heating within the laser pulse due to non- 

radiative transitions is already highly efficient whereas the reduced laser irradiance o f  

long pulse lengths causes the population o f  Sp to becom e increasingly diminished, thus 

reducing the level o f  ionisation. That there is a maximum also indicates that neither laser 

fluence or irradiance solely determines the level o f  matrix ionisation, but rather that 

sufficient energy in a sufficiently short laser pulse is requred for significant ionisation, as 

proposed by Beavis [116].

The excited state thermal ionisation model thus provides a plausible route for 

matrix ionisation within M ALDI, Predictions made using the model show  good  

agreement with experimental observations o f  the dependence o f  matrix ion yield on laser 

fluence, wavelength and, in particular, pulse length.
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8 Conclusions

In summarising the major features o f  this experimental and theoretical 

investigation o f  m olecules commonly used as matrices in matrix-assisted laser 

desorption/ionisation (M ALDI) mass spectrometry, it is important to note the sequential 

nature o f  the work performed.

Improved sample uniformity has been achieved with film thicknesses o f  

12 - 60 pm by mechanically crushing M ALDI samples. The degree o f  uniformity 

displayed depends on the crushing and substrate materials used and on the amount o f  

sample present. This has led to a reduction in the threshold fluence for the observation o f  

matrix ions by up to  ~  15 % in certain cases. H owever, more significant improvements in 

sample preparation have been made by the vacuum sublimation-deposition o f  matrices to  

form films o f  controllable thickness (>  50 nm). Importantly, these films covered a wide 

substrate area (several cm2) and could be deposited on glass or fused silica allowing 

quantitative optical spectra o f  matrix m olecules to  be obtained. Ground state absorption 

coefficients (a, typically a  ~ 10s cm'1 at laser wavelengths used), fluorescence decay 

rates, fluorescence quantum efficiencies, 0 -0  (vibrationless) ground-singlet energies and 

average fluorescence wavelengths have been determined for typical matrix molecules. 

Furthermore, analysis o f  data obtained by others [118] has allowed an excited state 

singlet-singlet interaction rate to be estimated for the M ALDI matrix

2,5-dihydroxybenzoic acid (2,5-D H B ). The experimental significance o f  a  has been  

demonstrated by its correlation with the different matrix ratings attributed to four 

chemically similar molecules. One molecule, which had previously been assigned a ‘poor’ 

rating as a matrix, has been shown to  support the formation o f  insulin ions when using a 

laser wavelength at which a  is increased by almost an order o f  magnitude from that upon 

which the matrix rating w as based. This critical dependence o f  matrix ion yield on the 

absorption coefficient is further evidenced by the observation that 2,5-D H B ions appear 

at markedly lower fluences when using 337 nm (N 2 laser) rather than 308 nm (XeCl 

laser) radiation. This is largely due to a slight difference in (solid-phase) a  at these tw o  

wavelengths, a difference that is possibly accentuated in a desorbed gas-phase 

environment.
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B y drawing upon these experimentally determined parameters, a basic model o f  

excited-state thermal ionisation (ESTI) for matrices has been proposed whereby a matrix 

m olecule becom es excited by the (stepwise) absorption o f  tw o (U V ) photons before 

undergoing vibronic coupling to becom e electronically ionised. This is assumed to occur 

within the laser desorbed gas-phase plume, where rapid (~ps) thermalisation o f  the 

vibrational m odes may occur. The encouraging initial results obtained from ESTI 

modelling prompted its extension to include other effects and processes, m ost notably 

temperature-dependent heat capacity, triplet states, excited state interactions and the 

consideration o f  ‘realistic’ temporal laser pulse shapes, e g. Gaussian. Theoretical 

predictions based on this modelling show good agreement with experimental 

observations o f  the matrix ion yield - fluence relationship and the total fractional ion 

yield. Further verification o f  ESTI is provided by comparison with other experiments. 

For example, Dreisewerd et at. [154] show 2,5-D H B ion yields to  be lowered by 

reducing a N 2 laser pulse length (FW HM ) from 3 ns to 0.55 ns. Although this may at first 

appear somewhat counterintuitive, the ESTI model predicts this effect with surprising 

accuracy.

It is hoped that in investigating one aspect o f  M ALDI, this work will ultimately 

aid the improvement and implementation o f  the process as a whole. However, it remains 

to  be seen whether, or if  at all, this occurs by the provision o f  useful experimental data, 

by the promotion o f  further theoretical treatment o f  M ALDI (that may or may not agree 

with the findings herein) or simply by removing som e o f  the mystique with which 

M ALDI has previously been regarded. H owever, this work might best be drawn upon in 

understanding more fully the role o f  the matrix and the nature o f  matrix-analyte 

interactions. To expand briefly, the ESTI modelling could be used as the basis for 

investigation o f  matrix-matrix and matrix-analyte gas-phase charge transfer reactions, 

although the mechanisms involved will be inherently different to the unimolecular 

reactions assumed within ESTI. Any improved understanding o f  M ALDI that this gives 

may then suggest desirable features o f  a potential matrix m olecule or instrumental 

modifications. Otherwise, an extension o f  the ESTI modelling to  include the temporal 

effects o f  desorption and subsequent plume expansion may be particularly informative, 

especially i f  gas-phase matrix absorption cross-sections can also be determined. This

8 6



could lead to  an increase in the amount o f  data that M ALDI could provide. For example, 

such work might allow highly spatially resolved analysis o f  a spatially non-uniform  

sample (e.g. a chromatogram or even real tissue) without the significant decrease in 

signal that is currently observed.

Great improvements have been made in the understanding o f  M ALDI during the 

ten years since its introduction as an analytical technique. H owever, there still remains 

much to be discovered over the next ten years, and perhaps beyond.
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Appendix A Clustering

A.l Introduction

In the M ALDI analysis o f  mixtures o f  high mass molecules, the phenomenon o f  

analyte clustering to form multimeric molecules needs to be recognised in order not to  

falsely assign observed ion peaks. Furthermore, an improved understanding o f  analyte 

clustering can only improve the quality o f  such analysis. As described in §2.3.5, matrix 

properties [182], laser fluence [180] and analyte concentration [182] are all known to  

affect the degree to which analyte clustering is observed, although it is unclear as to 

whether clustering occurs in solution, upon crystallisation o f  M ALDI samples or in the 

laser desorbed gas-phase plume. This appendix highlights the commonality with which 

protein-protein clustering is observed, particularly between different types o f  protein 

molecule, and reports investigations o f  the influence o f  experimental conditions on such 

aggregations.

A.2 Sample Preparation

The matrices used in M ALDI analysis were ferulic acid, sinapinic acid, 2 ,5 -  

dihydroxybenzoic acid (2,5-D H B ) and coumarin 120 (see §3.3 for details o f  suppliers). 

The proteins bovine insulin (M.W. 5 733.5 Da), chicken egg lysozym e (M  W. 14 306  

Da), P-lactoglobulin (M.W. ~  18 300 Da), bovine serum albumin (BSA; M .W . ~  67 kDa) 

and bovine immunoglobulin G (IgG, M.W. ~  150 kDa) were obtained from Sigma 

Chemical Co. Ltd. (Dorset, UK ) to a stated purity o f  97 - 99,5 %. Samples were 

prepared by the dried-droplet technique (§3 .3) by mixing 1.5 plitre each o f  both matrix 

and analyte solutions on a time-of-flight (TOF) mass spectrometer pin substrate and 

allowing them to dry. Matrix solutions were prepared using the appropriate standard 

solvents (§3.3) to a concentration o f  10 g.litre'V Protein solutions were prepared with a 

30 % acetonitrile (ACN , aq) + 0 . 1 % trifluoroacetic acid (TFA) solvent, i f  using ferulic 

acid or sinapinic acid as a matrix, or else H 2O + 0.1 % TFA. For mono-analyte 

clustering, protein solution concentrations ranged between 0.05 - 5 g.litre'1, with
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1 g. litre'1 solutions being used for investigations o f  laser fluence on clustering. Multi

analyte samples were prepared by mixing equal volum es o f  appropriate equi-molar 

protein solutions, e g. 0.775 g.litre'1 lysozym e and 1.0 g.litre'1 p-lactoglobulin. This 

mixed solution was then deposited with a 1.5 plitre volume o f  matrix solution onto a 

substrate, in the usual manner. All samples prepared for quantitative analysis contained 

ferulic acid as the matrix and were recrystallised by the application o f  1 plitre o f  30 % 

A C N (aq) +  0.1 % TFA.

Analysis o f  samples was performed on the V estec Reseachtec TOF mass 

spectrometer, as described in §3.2, using a N 2 laser (337 nm) for sample desorption and 

ionisation.

A.3 Initial Observations

Clustering o f  protein m olecules from mono-analyte samples is commonly 

observed within M ALDI (see §2.3.5). For example, the mass spectrum in fig. A .l  w as 

obtained from a ferulic acid/lysozyme sample using a laser fluence approximately three 

times that o f  the threshold for observation o f  lysozym e ions. In this spectrum, the most 

intense peak (M +) represents the singly charged monomer o f  lysozyme. In higher mass 

regions, where peaks correspond to successively larger analyte aggregations, up to the 

18-mer (18M +) lysozym e cluster is visible (M /z ~  257 800 D a), representing an increase 

in the largest lysozym e cluster observed from the 15-mer ion reported previously [181],

Clustering could also be readily observed from multi-analyte samples. For 

example, fig. A. 2 shows a mass spectrum o f  lysozym e (M ) and p-lactoglobulin (m) 

obtained using a ferulic acid matrix and a laser fluence approximately three times that 

required to observe lysozym e ions. The usual monomer ion peaks are present (M + and 

m+) as well as peaks corresponding to  cluster ions containing just one protein (hom o- 

multimers) up to the hexamer o f  lysozym e (6M +) and the pentamer o f  p-lactoglobulin 

(5m +). Interestingly, however, several mixed molecular cluster ions (hetero-multimers) 

are also observed up to the lysozym e pentamer combined with a p-lactoglobulin 

molecular ion, [5M +m ]+.
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Figure A.l.  Positive ion time-of-flight mass spectrum of chicken egg lysozyme from a ferulic acid matrix,
illustrating the detection o f up to the 18-mer ( 1 8 ^ )  o f lysozyme.
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Figure A.2. Mass spectrum o f an equimolar mixture o f chicken egg lysozyme andp-lactoglobulin from a ferulic acid matrix.
Several homo and hetero-cluster ions are visible, where M and m denote lysozyme and lactoglobulin constituents, respectively.



Similar observations were made when using other matrices. Figure A.3 also 

shows a mass spectrum o f  lysozyme (M ) and fi-lactoglobulin (m) but this time from a

2,5-D H B matrix. Although only up to the dimer o f  P-lactoglobulin is observed, several 

hetero-multimers are clearly visible, again up to the [5M +m]+ ion. The use o f  sinapinic 

acid and coumarin 120 as matrices yielded broadly similar results, although the range o f  

both hom o- and hetero-multimers observed was substantially reduced.

Hetero-multimerisation was also commonly observed for proteins o f  higher mass. 

Figure A. 4 shows a mass spectrum obtained from a ferulic acid sample containing 

lysozym e (M ) and B SA  (m). In addition to the singly and double charged molecular ions 

o f  lysozyme (NT and M 2+) and B S A  (m+ and m2+), lysozyme ions formed by Na  

adduction are also observed ([M +Na]+), causing an apparent splitting o f  the lysozyme 

molecular ion peak. Several cluster ions are observed up to the trimer o f  lysozym e 

(3M +), the dimer o f  B S A  (2m+) and including the hetero-multimer ions [M +m]+ and 

[M +2m ]+, the latter peak displaying a mass o f  approximately 150 kDa. The mass 

spectrum in fig. A. 5, again obtained from a ferulic acid matrix, shows the clustering o f  

bovine IgG (M ) and bovine insulin (m). The attachment o f  successive insulin m olecules 

to  the IgG protein, up to [M+4m], is clearly seen for both singly and doubly charged 

ions. At higher masses still, the hetero-multimer ion [M +m]+ is observed in fig. A. 6  from  

a ferulic acid matrix crystal containing IgG  (M ) and B S A  (m), and corresponds to a mass 

o f - 217 kDa.

The clustering o f  more than tw o protein m olecules in M ALDI can also be 

observed, although analysis becomes more complicated and careful assignment o f  peaks 

is necessary. Figure A. 7 shows a mass spectrum o f  bovine insulin (M i), chicken egg  

lysozym e (M 2) and P-lactoglobulin (M 3) and fig. A .8 one o f  chicken egg lysozym e (M 2), 

P-lactoglobulin (M 3) and B SA  (M j), both obtained using ferulic acid as a matrix. In both 

spectra, although a wide variety o f  different hetero-multimers are observed, the cluster 

containing all three proteins can be determined, [M i+M 2+M 3]+ in fig. A. 7 and 

[M 2+M 3+M 4]+ in fig. A .8.
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Figure A.3. Mass spectrum o f an equimolar mixture o f chicken egg lysozyme andp-lactoglobulin from a 2,5-DHB matrix. Several
homo and hetero-cluster ions are visible, where M and m denote lysozyme and lactoglobulin constituents, respectively.
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Figure A.4. Mass spectrum o f an equimolar mixture o f chicken egg lysozyme and bovine serum albumin (BSA) from a ferulic acid
matrix. For the homo and hetero-cluster ions visible, M and m denote lysozyme and BSA constituents, respectively.



Figure A.5. Mass spectrum of an equimolar mixture o f bovine immunoglobulin G (IgG) and bovine insulin from a ferulic acid
matrix. For the cluster ions visible, M  and m denote IgG and insulin constituents, respectively.



Figure A.6. Mass spectrum o f an equimolar mixture o f bovine immunoglobulin G (IgG) and bovine serum albumin (BSA) from a
ferulic acid matrix. For the homo and hetero-cluster ions visible, M  and m denote IgG and BSA constituents, respectively.



Figure A.7. Mass spectrum of an equimolar mixture o f bovine insulin (Mi), chicken egg lysozyme (M2) and p-lactoglobulin (M3) 
using feralic acid as a matrix. Several homo and hetero-cluster peaks are visible, including that which corresponds to the

aggregation o f all three proteins present in the sample ([M j+M2+M3]+).



albumin (Mi) using ferulic acid as a matrix. Several homo and hetero-cluster peaks are visible, including that which corresponds to
the aggregation o f all three proteins present in the sample ([M2+M3+M4]+).



A.4 Analysis

In M ALDI-TOF mass spectrometry, the high mass (>  10 kDa) ions incident upon 

multichannel plate detectors sputter secondary ions in preference to causing electron 

emission [224], The efficiency o f  ion detection also falls with mass, which can, for 

example, cause misrepresentation o f  polymer distributions in TOF mass spectrometry 

[268], In the current mass analysis o f  protein clusters, the detected signal intensity is 

assumed to be proportional to  the velocity o f  an incident ion, and hence to the inverse o f  

the square root o f  the ion mass. A  modifying factor is, therefore, applied to  integrated 

ion peak signals, equal to the square root o f  the mass - charge ratio o f  the multimer ion. 

For mono-analyte (chicken egg lysozym e) samples, this allows the multimer ion fraction, 

F, to be defined as

where M  is the monomer molecular weight, i is the degree o f  protein clustering 

(monomer: /=1 , dimer: /'=2, trimer: /=3), z is the number o f  charges on an ion and Ia<z is 

the integrated signal intensity o f  the /th cluster o f  the monomer with mass M  and charge z. 

The numerator in eqn. A. 1 represents the total integrated multimer ion  signal and the 

denominator represents the total integrated signal for all analyte ion species. F  =  0, 

therefore, signifies a total absence o f  protein clustering whereas F  =  1 indicates a mass 

spectrum consisting entirely o f  multimer analyte ions and no monomers. Similarly, 

individual multimer ion fractions, Fr, may be represented by

F = A.1

F = A.2

91



to  allow analysis o f  the separate cluster ion signals, e g ., dimers (r=i=2) or 

trimers (r=/=3).

For samples containing tw o proteins, namely chicken egg lysozym e (mass M) and 

P-lactoglobulin (mass m), eqn. A .l is developed to  give the total homo-multimer ion 

fraction, Faa, as

IZ
i= 2  z = l

f  r

• I I
j= 2  z = l

.„Iff
fZZZ

i= 0  j= 0  z = l
^ ( iM + jm ) z

iM  + j m j ^
A.3

and the hetero-multimer ion fraction, F„b, as

F a b  =

Z Z Z
i= l  j = l  Z=1

(  ,  „ lA
T }iM  + j m ] /2
i ( iM + jm )z  |  I  |

(

ssz
i= o  j= o  z = l

l:( iM + jm )z

iM  + jm j
A.4

where / and j  refer to  the number o f  lysozym e and P-lactoglobulin m olecules in a 

cluster, respectively, and I(M+jm)z represents the integrated signal intensity o f  the 

[iM +  jm ]z+ ion. It should be noted that in the above analysis, no correction is made for 

doubly charged protein clusters that coincide on mass spectra with smaller, singly 

charged clusters.

A.4.1 Analyte Concentration

Samples prepared from ferulic acid and 0,05 - 5 g  litre'1 chicken egg lysozyme 

solutions were investigated for protein clustering using an incident laser fluence o f  -  40  

mJ.cm'2. Figure A. 9  displays spectra obtained using lysozym e solution concentrations o f  

(a) 1.4 x 10'5 Molar (0 .2  g  litre'1) , (b) 7 .0  x 10'5 Molar (1 .0  g.litre'1) and (c) 2.1 x 10"4
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Figure A.9. Positive ion time-of-flight mass spectra of chicken egg lysozyme 

at initial concentrations of (a) 1.4 x 10*5 Molar, (b) 7.0 x 10'5 Molar and 

(c) 2.1 x 104 Molar, using ferulic acid as the matrix and a iluence of

~ 40 mJ.cm'2.



Molar (3 .0  g,litre'1). M ost notably, an increase in the size o f  the largest lysozym e cluster 

detected is observed, increasing from the tetramer ([4M +H ]+) in fig. A.9a, through the 

hexamer ([6M +H ]+) in fig. A .9b to the pentamer ([7M +H ]+) in fig. A .9c. H owever, at 

higher analyte concentrations (3.5 x 10‘4 Molar or 3.5 g.litre'1), the largest analyte cluster 

that could be detected was the pentamer ([5M +H ]+).

M ore detailed analysis w as allowed by obtaining 5 - 1 0  mass spectra, each 

representing the average o f  10 laser pulses, from 2 samples for each analyte 

concentration and applying the data to eqns. A .l  and A.2. The variation o f  the multimer 

ion fraction, F, with analyte concentration is shown in fig. A. 10, where the error bars 

represent 1 standard deviation in the data. Figure A. 10 shows good agreement with the 

observations highlighted above. For low  analyte concentrations, F  increases very quickly 

before reaching a maximum value at ~  1.8 x 10"4 Molar (estimated) and decreasing at 

higher concentrations still. A  similar behaviour was observed in the individual multimer 

ion fractions, F2 (dimers), F3 (trimers) and F4 (tetramers), shown in fig. A  l l .  F2 and F3 

reach a maximum at analyte concentrations o f  approximately 1.0 x 10"4 Molar and 2 .0  x 

10‘4 Molar, respectively, above which a gradual decline is seen. H owever, F4 appears to  

increase continuously over the analyte concentration range studied, although, based on 

the maxima seen in F2 and F3, it may be postulated that F4 will reach a maximum at a 

higher analyte concentration.

These results, however, do not indicate where protein clustering takes place. I f  

analyte clusters can be present in matrix crystals, formed either in  solution or upon 

crystallisation, then an increase in analyte concentration will presumably lead to a greater 

number o f  clusters being formed. A s the analyte concentration increases, however, the 

matrix will becom e increasingly diluted and the desorption process less efficient (see  

§2.3.3), affecting higher mass clusters to  a greater extent than the monomeric signal. 

Alternatively, i f  clusters are formed in the gas-phase then the observations made here 

may be explained by the previously reported monomer ion signal dependence on analyte 

concentration [157], A s the analyte concentration increases initially, the number o f  

analyte m olecules desorbed will also increase, leading to a greater number o f  gas-phase 

clusters forming. H owever, as the matrix: analyte ratio in the crystals decreases further,
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Figure A. 10. Multimer ion fraction F as a function of analyte concentration

for chicken egg lysozyme in a ferulic acid matrix, irradiated with

~ 40 mJ.cm'2 fluence.
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Figure A. 11. Individual multimer ion fraction Fr (dimer, r  = 2; trimer, r  -  3

tetramer, r  = 4) as a function of analyte concentration for chicken egg

lysozyme in a ferulic acid matrix, irradiated with ~ 40 mJ.cm'2 fluence.



the desorption process will becom e less efficient, as mentioned above, and the resultant 

decrease in desorbed gas-phase protein m olecules will in turn lead less clustering.

A.4.2 Fluence

M ass spectra obtained from ferulic acid/chicken egg lysozym e samples (fig. A. 12) 

indicate that protein clustering increases with fluence. The largest observed cluster ion at 

fluences o f  25 mJ.cm'2 (fig. A. 12a), 30 mJ.cm'2 (fig. A. 12b) and 40  mJ.cm'2 (fig. A. 12c) 

ranged from the dimer, the tetramer to the hexamer, respectively.

Statistical analysis o f  the clustering dependence on laser fluence proceeded in 

exactly the manner described in §A.4.1 above. The multimer ion fraction, F, increases 

linearly from a threshold fluence value o f  about 22.5 mJ.cm'2 (fig. A. 13). H owever, as 

the fluence approaches 40  mJ.cm'2, F  tends to saturate. B y analysing the data using the 

individual multimer ion fraction, Fr, (eqn. A .2) threshold fluences for the appearance o f  

each cluster species is observed (fig. A. 14), estimated to be approximately 22.5 mJ.cm'2 

for dimers, 26 .0  mJ.cm'2 for trimers and 29 .0  mJ.cm'2 for tetramers. Furthermore, Fr 

tends to  saturate at just above 40  mJ.cm'2 for each o f  the ion fractions analysed.

Again, the variation o f  analyte clustering with fluence may be discussed in terms 

o f  cluster formation in solution, upon crystallisation or in the gas-phase. I f  protein 

clusters are present in matrix crystals, formed either in solution or upon crystallisation, 

then, by analogy with increasing threshold fluences for proteins o f  increasing molecular 

weight [156], the threshold fluence for observation o f  the larger mass clusters will be 

greater than for the monomer. If, however, analyte clustering occurs in the gas-phase, 

the observations described here may simply be explained in terms o f  an increase in the 

number o f  desorbed gas-phase protein monomers with fluence until a saturation limit is 

reached.
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Figure A. 12, Positive ion time-of-flight mass spectra of chicken egg 

lysozyme at laser fluences of (a) 25, (b) 30 and (c) 40 mJ,cm'2, using ferulic 

acid as the matrix and an initial analyte concentration of 1 g.litre'1.



M
ul

tim
er

 I
on

 F
ra

ct
io

n

Figure A. 13. Multimer ion fraction F  of chicken egg lysozyme (1 g.litre"1) as

a function of laser fluence using femlic acid as a matrix.
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Figure A. 14. Individual multimer ion fraction Fr (dimer, r  -  2; trimer, r  -  3,

tetramer, r  = 4) o f chicken egg lysozyme (1 g.litre'1) as a function o f laser

fluence using ferulic acid as a matrix.



A.4.3 Hetero-clustering

Data on the effect o f  fluence on mixed molecular clustering was accumulated by 

analysing 10 mass spectra for each value o f  fluence, each spectrum representing the 

average o f  spectra arising from 10 laser pulses. The variation o f  the hom o- and hetero- 

multimer ion fractions, Faa and Fab, with fluence is shown in fig. A. 15, the error bars 

again representing one standard deviation in the data. The threshold fluence for 

observation o f  either hom o- or hetero-clusters is similar, at about 27 m l  cm'2, but both 

Faa and Fab saturate at approximately 35 mJ.cm'2. The hetero-multimer signal is, 

however, generally greater than that for homo-clusters.

A. 5 Conclusions

There are three main conclusions that can be drawn from the above study. Firstly, 

the regularity with which hetero-multimer ions are observed for a w ide variety o f  

proteins serves as a warning for the analysis o f  more com plex mixtures. N ot only might 

hetero-clustering peaks be wrongly assigned as separate species in their ow n right but 

might also obscure attempts to  analyse protein reactions in solution. Secondly, protein 

clustering reaches a maximum at som e optimum analyte solution concentration and, 

thirdly, each cluster component appears at som e threshold fluence before saturating at a 

higher fluence. H owever, it remains unclear during which step in M ALDI that analyte 

clusters form.
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Figure A. 15. Homo (F aa)  and hetero (F ab) multimer ion fractions from an 

equimolar mixture of chicken egg lysozyme and p-lactoglobulin as a 

function of laser fluence. Ferulic acid was used as the matrix throughout.



Appendix B Estimation of ESTI Rate Constant

B.l Introduction

Chapter 6 discusses the possibility o f  excited-state thermal ionisation (ESTI) o f  

matrix m olecules as the main route o f  matrix ion formation within matrix-assisted laser 

desorption/ionisation (MALDI). This includes quantitative modelling o f  matrix ionisation 

within a laser pulse which requires a reasonable estimate o f  the ESTI ionisation rate, kti.

B.2 Analysis

The energy structure shown in fig. 6.1 is assumed, with ionisation commencing 

from an upper lying singlet state.

The ESTI reaction constant, kio„, may be estimated by analogy with the detailed 

balance treatment o f  electron detachment from negative ions [257] to  give:

^ion o B .l

where p* -  is the combined number o f  states available to  the molecular ion 

( (Jon, units J 1) and free electron (jf, units m 3) per unit energy per unit volume, p° is the 

number o f  states available to  the excited-state m olecule per unit energy, ve is the electron 

velocity and or the recombination cross-section. The density o f  states o f  the free electron 

is assumed to  be a continuum o f  states, approximated by:

P
e

7tJ/l3
B .2

where me is the free electron mass and £  is the free electron kinetic energy. Using 

the classical treatment o f  vibrational states, molecular density o f  states have the general 

form [257]:
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B .3
(E mo, —E q) 8"1

where o, represent the molecular vibrational angular frequencies, 

Eo = V2 '̂ Ts.=lh(j)i is the vibrational zero-point energy and Em„i represents the total 

molecular vibrational energy. B y ignoring E0, p° and (Jon may now  be represented by:

E - U
8 -1

E
B.4

where E  is the average vibrational energy per m olecule and U is the energy 

difference between the molecular state from which the ion is formed and the ground state 

o f  the ion (i.e. the effective ionisation energy o f  the photoexcited state; see fig. 6.1). This 

equation has the same form as that used elsewhere for density o f  states ratios o f  ground 

and excited state m olecules [259,269], By substituting eqns. B .2 and B .4 into eqn. B . l ,  

kIO„ becomes:

k ■
E - U Y ~ V v „

2fc3 v eo rE B.5

The classical expression for the fraction o f  m olecules with internal energy within 

the range E to  E+ SE,fÊ +s-:, is [269]:

E 1 dE8 -1

1e - » e + s e  l k T j  e x p ^  k T ; ( s _ j ) ( k T B.6

Multiplying eqns. B .5 and B .6  gives the thermal ionisation rate constant, k„, for 

an ensemble o f  m olecules at a temperature T as:
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Equation B .7 integrates to [269]:

k 'i = ^ (v ‘° ' £ )e x p ^ . B .8

which becomes:

, _  2tne
Kü _ 2 fe3 7t n

exp
_U 

l  kT.
B .9

noting that meve2 =  21. N ow , assuming that the electron recombination cross- 

section is given by:

7tr; =  Ti
U r a 0k T j

B .10

where rc is the electron capture radius, e is the charge on an electron, e0 is the 

permittivity o f  free space and Te the free electron temperature, substituting into eqn, B .9 

yields:

k ti
16mee 4

36egh3
B . l l

which provides:

kti «  1.2 x 10,6 exp|
_U
kT.

( s 1) B .12

98



Appendix C Publications

The following list details the journal and conference papers resulting from the 

work described in this thesis:

“Observation o f  M ixed Molecular Cluster Ions in Matrix Assisted U V  Laser 

Desorption/Ionization o f  High M ass Protein M ixtures”

I. K. Perera, D. A llwood, P. E. Dyer and G. A. Oldershaw, Int. J. Mass Spectrom. Ion 

Proc., 145 (1995) L9-16.

“Formation o f  H om o and Hetero Multimeric Ions o f  Large Proteins in Matrix Assisted  

U V  Laser Desorption/Ionization”

I. K. Perera, D. A llwood, P. E. Dyer and G. A. Oldershaw, Special Issue o f  J. Mass 

Spectrom. and Rapid Comm. Mass Spectrom., (1995) S3 and Proc. 3rd Inti. Symp. on 

Applications of Mass Spectrometry in the Health and Life Sciences, Barcelona, 9 -13 

July 1995.

“Effects o f  Sample H om ogeneity on the Analysis o f  High M ass Proteins by Matrix 

Assisted Laser Desorption/Ionization M ass Spectrometry”

D. A llw ood, I. K. Perera, J. Perkins, P. E. Dyer and G. A. Oldershaw, Oral Presenation 

at 21st BMSS Annual Meeting, Manchester, UK, 3 - 6  September 1995;

“Preparation o f  ‘N ear’ H om ogeneous Samples for the Analysis o f  Matrix-assisted Laser 

Desorption/Ionization Processes”

D.A. A llw ood, I. K. Perera, J. Perkins, P. E. Dyer and G. A. Oldershaw, Appl. Surf. Sci., 

1 0 3 (1 9 9 6 )2 3 1 .

“U V  Optical Absorption o f  Matrices Used for Matrix-assisted Laser 

Desorption/Ionization”

D.A . A llwood, R.W. Dreyfus, IK . Perera and P.E, Dyer, Rapid Commun. Mass 

Spectrom., 10 (1996) 1575.
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“Optical Absorption o f  Matrix Compounds for Laser-induced Desorption and Ionization

(M ALDI)”

D  A. A llwood, R.W. Dreyfus, I K. Perera and P.E. Dyer, presented at E-MRS Spring 

Meeting, Strasbourg, 4 - 7 June, 1996 and published as Appl. Surf. Sci., 109/110 (1997) 

154.

“Plasma M odelling o f  Matrix Assisted U V  Laser Desorption Ionisation (M ALDI)”

D  A. A llwood, P.E. Dyer, R.W. Dreyfus and I K. Perera, presented at E-MRS Spring 

Meeting, Strasbourg, 4 - 7 June, 1996 and published as Appl. Surf. Sci., 109/110 (1997) 

616.

“Ionization M odelling o f  Matrix M olecules in Ultraviolet Matrix-assisted Laser 

Desorption/Ionization”

D  A. A llwood, P.E. Dyer and R.W. Dreyfus, Rapid Commun. Mass Spectrom., 11 

(1997) 499.
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