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Abstract

Multiphoton ionization (MPI) mass spectrometry (MS) and supersonic jet spectroscopy
(SJS) are powerful techniques for biochemical analysis. The combination of SJS/MPIMS

provides high selectivity and high sensitivity for both molecular identification and

structural analysis.

The first part of this thesis deals with SJS and MPIMS for the study of small molecules
(MW < 1000). Chapter 2 demonstrates a method to enhance signal intensity without
degradation i1 both the mass resolution and supersonic jet cooling by using a cylindrical
lens instead of a spherical lens. Chapter 3 discusses MPIMS for the difficult isomer

discrimination of substituted polycyclic aromatic hydrocarbons (PAH), anilines, and

phenois.

Chapters 4-7 deral with alternative methods for introducing thermally liable and
nonvolatile molecules into supetsonic jets, as opposed to the more conventional laser
desorption (LD). Chapter 4 describes fast atom bombardment (FAB) as a powerful
means of desorption. Chapter 5 discusses pulsed rapid heating (PRH) for entraining
nonvolatile molecules for SIS/MPIMS. Both FAB and PRH are simple and inexpensive

methods, comparable in performance to LD.

In chapter 6 water and ammonia elimination from liable dipeptides is studied using PRH
and LD. Chapter 7 deals with an application of PRH for obtaining gas phase UV-Visible

absorption spectra. Finally, in order to have a better understanding of ttie mechanisms



involved in LD, chapter 8 describes the use of resonant two-photon ionization (R2PI)

spectroscopy to examine the molecular cooling and supersonic jet formation in laser

desorption.

In the second part of this thesis large molecules (MW > 1000) are studied with matrix-
assisted laser desorption ionization (MALDI). In Chapter 9 we have coupled a
continuous flow (CF) probe to MALDI for flow injection analysis of large peptides and
proteins. In addition, a new data system was developed for transferring and storing mass
spectra at high repetition rates, specifically for CF-MALDL As a further extension to
CF-MALDI, Chapter 10 describes the coupling of liquid chromatography (LC) with
MALDI for the on-line separation and detection of peptides and proteins. And finally,

chapter 11 discusses CF-MALDI with an improved parallel ion extraction geometry.



Acknowledgments

I would like to take this opportunity to express my deep appreciation to Professor Liang
Li for his guidance, enthusiasm and encouragement. This work has been possible
because of his enormous help with all my research projects. Dr. Li has always been
available for questions and discussions about any aspect of my laser-based research. 1
strongly encourage anybody interested in analytical mass spectrometry to study under Dr.

Liang Li.

I also wish to thank the members of my dissertation committee for their review of this
thesis: Professor Ron Kratochvil, Professor Gary Horlick, Professor George Kotovych,

Frofessor Charles Holmes, and Professor James Reilly (Indiana University).

I must also thank my fellow researchers during the initial 3 years: Jianyun Zhang
(Robin), Alan Pui Ling Wang, and Xijian Guo (Steve). I deeply appreciate their
knowledgeable and valuable assistance. Iam also grateful to the other new members of
my research group for the many helpful discussions we had during the last two years:
Randy Whittal, Randy Purves, Dave Schriemer, Rafael Golding, and Yuqin Dai. It has
been a privilege and a wonderful experience for me to have worked with all the above
mentioned people. In particular, I like to thank Randy Whittal for helping me perform

the parallel CF-MALDI experiments (chapter 11).



Much of this research work would not have been possible without the personnel in the

machine shop and the electronics shop. Their expertise on building and modifying the

pulsed rapid heating probe, continuous flow probe, as well as other skillful technical

assistance is greatly appreciated.

In addition, I wish to acknowledge the following persons, departments, and agencies:

1.
2.

Department of Chemistry, University of Alberta for providing the facilities.

Natural Science and Engineering Research Council (NSERC) of Canada for a 2 year
Post-Graduate Scholarship (PGS B) in 1992-4.

Canadian Society of Chemistry for the D.E. Ryan Award in 1992.

University of Alberta for the Walter H. Johns Scholarship for 2 consecutive years
(1992-4).

American Society of Mass Spectrometry (ASMS) for the John B. Fenn travel
stipend to attain the San Francisco Conference in June 1993.

University of Alberta Mary Louise Imrie Graduate Student Award, Faculty of
Graduate Studies and Research, and the Vice-President of Research (Martha Piper)
for a travel grant (ASMS Chicago Conference in June 1994).

The Alberta Environmental Research Trust fund.

Larry Coulson (chemistry) for developing a dat system used for CF-MALDL

Dr. Norman Dovichi for the loan of the Waters Quanta 4000 capillary

electrophoresis system.

And finally, I wish to acknowledge the extreme name confusion the three Randys have

created for me: RANDY Whittal (research group), RANDY Purves (research group), and

RANDY Benson (machine shop). I lost track of how many times I said " Randy ? Which

one ?"



TABLE OF CONTENTS

DEDICATION. ..cctiteitesseosssesnssncsescssssnsrassssssssscsssssssass
ABSTRACT cvviittierertsrsecsseresssssecssassssrosnsssasasessassacsns
ACKNOWLEDGMENTS ...ccctiiierniiieteitnitsescsssssancoccnoees
LIST OF TABLES ... .icviiteieetiesecnsstasststesssecssseasasccnnses

LIST

OF FIGURES. ..ittcitttiieectcrnttiaisescstccsissssencacccnsace

LIST OF SCHEMES......cccovttetecnccnnns teesessnsessrencesesasesas
LIST OF ABBREVIATIONS.....cuititiitieieiiininiecnsscicncnanss

CHAPTER

1.

INTRODUCTION TO LASER IONIZATION MASS
SPECTROMETRY...cocietiitneenccnscstastesesescnssnccnnes

INOQUCHON .vuuvneenineeniiieiiiiiieitiiririeeraeseisiieeeenes
Multiphoton Ionization ..........cceeerereeeiiiiiiniinni,
Supersonic Jet EXpansion ............ovciiiiiiniiinii.
Pulsed Laser Desorption / Vaporization ...
Supersonic Jet / TOF Mass Spectrometry ..........cooeuveveaennen.
Electrospray Ionization and MALDI .......cccoviiiininnnnn.
INSETUMENLATON .euuvnreerereeeenernteinieiinrersrneorsnessestersisons

[ Y Yy
N AV AW N -

. SIGNAL ENHANCEMENT BY USING A PLANAR

LASER BEAM FOR MULTIPHOTON IONIZATION IN
A SUPERSONIC JET / REFLECTRON TIME-OF-
FLIGHT MASS SPECTROMETER ....cccciniieniennnnn

INOQUCHION ..evveveeeiineeeeinnresereneeaesenssseseesssrsssonseorsacans
Experimental .........oooiiiiiiiiiiiii
.3 Results and DiSCUSSION ..vvivviiiinieenerieiriieiiiiierieeesenrenoaes
2.4 CONCIUSION .uevvirereiiarerriireeressuacesecsessssennntossanasasannnnes

ON THE CAPABILITY OF MULTIPHOTON
IONIZATION MASS SPECTROMETRY FOR ISOMER
DISCRIMINATION: MASS SPECTRA OF POSITIONAL
ISOMERS OF AROMATIC MOLECULES ...............

NN
W N =

3.1 INTOAUCHON cvreerrerriireinnerseseseenesennsssstsoesasesssonssnnnans

3.2 Experimental .......cccooviiiiimiieniiiiiiiii e
3.3 Results and DISCUSSION ..evvvvvvenierraceierreriireieeretnasosensenans
3.4 CONCIUSION .vvvrneireniinnnrieeeienetessesansiesssasossessnsssasssenns

33

33
34
35
57



4. PULSED FAST ATOM BOMBARDMENT SAMPLE
DESORPTION WITH MULTIPHOTON IGNIZATION IN
A SUPERSONIC JET / REFLECTRON TIME-OF-

FLIGHT SPECTROMETER ....cccciivenncicanineane

4.1 INTOGUCHON .oioviieirrieeensereerereereesssscssastesssssesssnsnassnses
4.2 Experimental ........cccooieiniiiiiiiniiiiiiiiiiiiieiiiens
4.3 Results and DiSCUSSION .....cvveieriiiinsnnsiiriecosisotensntesssiones
4.4 CONCIUSION tiiivienrieriererennteeseereasssasarssscssssossssssascossses

5. PULSED RAPID HEATING FOR VOLATILIZATION OF
AMINO ACIDS AND SMALL PEPTIDES IN MULTI-
PHOTON IONIZATION MASS SPECTROMETRY..........

Part I Pulsed Rapid Heaiing for Sample Vaporization....
5.1 INTOQUCHOM .uevrrererreirrenrererenssensnnnnssassssasessssnssarescsss
5.2 Experimental .........c.ooviuvinminiiiieiiniaieiiisiiiiean,
5.3 Results and DISCUSSION ...vvviiiiiiiiinreeesercrsseorsosssssessessanes
5.4 CONCIUSION o eitieiteiiereeiesaseeasssescaseroastoressossersssssessasnnse

Part II Pulsed Rapid Heating for Studying Thermal
Decomposition vs Vaporization............... cesene
5.5 INtrodUCHON .. .eiiviirirniereininesisceieisiitisetessnnransenesassesaces
5.6 Results and DiSCUSSION .......ocvvveiinieiiiiiieieisiteniesisssnioneee
5.7 CoNCIUSION .uvuviniirenerniereiieioniiiiisrneeieeiesassasncisrontnanns

6. MULTIPHOTON IONIZATION STUDY OF WATER
AND AMMONIA ELIMINATION FROM DIPEPTIDES
WITH PULSED RAPID HEATING AND LASER
DESORPTION FOR SAMPLE VAPORIZATION ...........

6.1 INTOJUCHON ..ooveeiineiiiiiiireeineeecneeeiasssnncecseesssecerasannnes
6.2 Experimental .........coiiiiiiiiiiiiiii e
6.3 Results and DiSCUSSION ...cvvvverievrerereriisianentiorinrsreseananas
6.4 CONCIUSION .oiviiierrerrieiieiisnasssesesssessscsesseststosessossnasaes

7. MEASUREMENT OF GAS-PHASE ULTRA-VIOLET
VISIBLE ABSORPTION SPECTRA OF THERMALLY
LABILE MOLECULES WITH A PULSED RAPID
HEATING TECHNIQUE FOR SAMPLE VAPORIZA-

TION ciieetiiiirnenieneccancctseonncnes cesesersecencsres .

INTOAUCHON 1iiiviiiiereeieeeiersesesroreesancncosasssssnsssssosassnsons
Experimental ........cociiiiiiiiiiiiiiiiniiniiiiiiiiee
Results and DiSCUSSION ...cvvvveeeiiernrrerierssionreesiassesorosnanes
CONCIUSION ..vvveireiienenssrereeeessevannassasassssasassssessnssasases

NNNS
DN

59

59
61
€3
76



8. MOLECULAR COOLING AND SUPERSONIC JET

FORMATION IN LASER DESORPTION.......... essseseses 147
8.1 INITOQUCHON tiiviriirrnieeeinenereereeiareneessesesasnsneeresasrnnsanens 147
8.2 Experimental .........cociiiiiiiiiiiiiiiiiiiiiiiiiiiiei e 149
8.3 Results and DiSCUSSION ....ccvuvvviiiiiienieieieeierrnrennrerersaraness 152
8.4 CONCIUSION ..iiiiiirriirerieeinecesaeeriansiesassrossssesenrsnnaranssen 169

9. SUBPICOMOLE DETECTION OF LARGE PEPTIDES
WITH CONTINUOUS-FLOW MATRIX-ASSISTED
LASER DESORPTION IONIZATION MASS SPECTRO-

METRY ....... tevesessaesae tesesescentonassses Cesessenessaserens 171
0.1  INIOQUCHON ..uuvetrrriesaneeesesseeserassensessensstassssesrnnsssses 171
9.2 Experimental .........ocooiviiiiiniiiiiiniiiii e 173
9.3 Results and DiSCUSSION t...ovvreviiriiiiiiiiinineaserenseassassonens 180
0.4 CONCIUSION +ivennetieirnriennrsesonesessasesersnecessnsssosnnssssaansas 198

10 INTERFACING ON-LINE CONVENTIONAL OR
PACKED CAPILLARY LIQUID CHROMATOGRAPHY
WITH CONTINUOUS-FLOW MATRIX-ASSISTED
LASER DESORPTION IONIZATION FOR THE

ANALYSIS OF PROTEINS......... teeseesssssnssssessesanonse 200
10.1 INOAUCHON ..uueveeiererrrennareeresesannseeresessenanntnsesssssansnes 200
10.2 Experimental ..........covviiiiiieiiieniimiiiiiiniiiiienieinen, 202
10.3 Results and DIiSCUSSION ....ovviireiirneererenerreroesssmeconsraneiens 210
10.4 CONCIUSION .uureeeerereiarenraseocsssasssseessioseasasnass sasasensans 220

11 OPTIMIZATION OF CF-MALDI WITH AN IMPROVED
ION EXTRACTION GEOMETRY .iicicevectrsccnsarosanscess 221
11.1 INTOAUCHON ..urereeriiierrneneasesoeeransosessessasasasnsnssrassorass 221
11.2 Experimental ......c..cccoiviiiiniininiiiiiiiiiinieen 222
11.3 Results and DiSCUSSION .....ovvirriieirireirenersceenasessasissasanns 226
11.4 CONCIUSION tiriieiieiereeereeereeesseassesesrseseasessssssessssrsennes 233
12 SUMMARY  tiiittieeseveesaacsssssestsscsssosssssssscsasssosnnse 234
PUBLIC A TTIONS 1 itttrttteecscnccsessocnessesssosasssnsssssasssssssass 237

BIBLIOGRAPHY .. iiitiitirieniieiennteceetnssssessesecsssensocacans 239



1.1
3.1
32
33
4.1

6.1

6.2

6.3

11.1
12.1

List of Tables

Typical matrices for matrix-assisted laser desorption jonization .................. 19
MPI mass spectra of substituted anthracene and phenanthrene...............c..... 36
MPI mass spectra of substituted anilines........eeevernnncesssssisisnsessscsesisnsnsssesens 38
MPI mass spectra of substituted phenols........coenecsesesssicssisiscsciisisnsiininsisinns 39
Compounds studied by the Fast Atom Bombardment/

Supersonic Jet Multiphoton Ionization Technique.........cccocvvcnniiecrinicinnnes 66
Summary of the major ions observed in the mass spectra

of dipeptides studied by PRH/MPL .......ccccoocemeninnticssnsnsisinininirirencinninsesens 117
Summary of the major ions observed in the mass spectra

of dipeptides studied by LD/MPL.........civrienerenncsistsissisnsisnsnininniacinnes 118
Mass spectra of amino acid derivatives studied by

PRH/MPI and LD/MPL .......coovoirereninnenesisiemsinnssssssmensessessssssssssssassosesss 122
Mass accuracy observed for peptides with CF-MALDI...........cccccocvonuunece. 232
PUDLICAHIONS. ...cvveveeerereenenseiestisssssssssessesssrssnsssnsonsessessssssssstssnssssssssssssar sassseses 237



1.1

1.2

1.3
14
1.5
1.6

2.1
22

23

3.1

32

33

34

List of Figures

Energy level diagram in MPI transitions: (A) nonresonant MPI (B)
resonant two-photon ionization (R2PI) and (C) two-photon resonant

HOMIZALIOM. 1o veeiueereinessernssnessnsasssssssssasssesssessssssasssessensnsnsessassnsssesnsastsssssossorsssassnss 5
The difference between (A) electron impact (EI) ionization and (B)

multiphoton ionization (MPI) ......cceveereciiniiiiinniniiiines 7
Schematic diagram of a Supersonic jet eXpansion .........eueeesnscscscriinieisnsnnns 10
Schematic diagram of translational COOling ProCess.......ccosusueususinsiacscierenns 12
(A) Linear and (B) reflectron time-of-flight mass spectrometers.................. 15
Schematic diagram of the supersonic jet /multiphoton ionization time-

of-flight mass spectrometer setup (drawing is not to scale) ......ececvvcsirunenn. 21
Optics and laser ionization in a reflectron TOFMS .......ccoocoviininniiensinnnnannns 26

The relative intensity of the aniline molecular ion peak vs the laser
DEAIM SIZE...vevererereeressrerersnssesassessesnsssosassessssssessesassressarassssorsasessssasessssssssssssassss 29

The relationship between mass resolution and laser beam size for a
planar and a circular beam with a reflectron TOFMS ......ccococuminiiiinniennnns 30

Mass spectra of 2-ethylphenol obtained by multiphoton jonization at
266 nm. The ionization laser power density was (A) 1x106 W/cm?2
(B) 4x106 W/cm2 (C) 8x106 W/cm? and (D) 1x107 W/em?..............c.couven 42

Mass spectra of 2-ethylphenol obtained by electron impact ionization.
The electron beam intensity is (A) 15 eV (B) 30 eV (C) 70 eV and (D)
200 EV .eeeereerreriiriererssesesssestenssassssssesssasssessssssssesssssesiansesessesssstesisntsassaanassnssaans 4

Soft and hard ionization MPI mass spectra of 1-aminoanthracene
obtained by using a 266 nm laser beam for ionization with a laser

power density of (A) 1x106 W/cmZ and (B) 1x107 W/cm2.......ccccccemsserren 48

Soft and hard ionization MPI mass spectra of 9-aminoanthracene
obtained by using a 266-nm laser beam for ionization with a laser

power density of (A) 1x106 W/cm2 and (B) 1x107 W/cm?.......ccocccvrrrsee 49



3.5

3.6

4.1

4.2

4.3

44

4.5

5.1

52

5.3

54

MPI mass spectra of (A) 2-isopropylphenol and (B) 4-isopropylphenol
obtained by using a 266 nm laser beam for ionization with a laser

power density of 1X107 W/CIZ oo verrrerrenssssssssssesssenssssesssssmsssnssssssssssssasssses

EI mass spectra of (A) 2-isopropylphenol and (B) 4-isopropylphenol.
The electron beam intensity i 70 €V ..ccuiivevnnnininisosiisnsisininnsiin,

Mass spectra of tryptophan obtained by the fast atom bombardment/
supersonic jet multiphoton ionization technique at 266 nm. The

ionization laser power density was (A) 1x10% W/cm? (B) 4x10°
W/cm? and (C) 8K100 W/CIZ.........ovvvvemssssssssssssssssssssssssssssasmmasssssssossassssssssns

Mass spectrum of rubrene (MW 532) obtained by FAB/SIMPI at 266
nm. The laser ionization power density was ~ 1x100 W/cm2.......ooverrivennnes

Comparison of MPI mass spectra of Gly-Trp at 266 nm obtained by
(A) using the fast atom bombardment method and (B) using the CO,
laser desorption method for sample introduction into the supersonic jet

expansion. The ionization laser power density was about 1x108
W/CINZ. ..o isessssessssssssssesss e sastasssssessesssisssassssssstnsssssussosssssnsssssassessssss
Mass spectra of (A) 4-acetamidophenol and (B) Tylenol obtained by
using the FAB/SIMPI technique. The ionization laser beam was a 266
nm radiation with a power density ~ 1x108 W/c_m2 .......................................

MPI mass spectra of a mixture at 266 nm obtained by FAB/SJMPI:
(A) tryptamine (MW 160) and indole-3-acetic acid (MW 175) P~
4x109 W/cmz) (B) tryptamine and indole-3-acetic acid plus NaOH (P
~ 5x100 W/cm2) (C) tryptamine and indole-3-acetic acid plus NH4OH

(P = AX100 W/CIIZ)......oooeeveersssmmmmmsssssssssssssssssssssssssssssassssssssessssssssssssssssssssssssess

Schematic of the pulsed rapid heating probe and part of the experiment
setup for multiphoton ionization mass spectrometry and supersonic jet

SPECITOSCOPY cevvunrsecsssssssessesssesssesssnsssssssassrnssasasssssssasssssnssssnsassssassssissnsessssssssanss

The signal output from the measurement of the contact time between
the heating probe and the sample SUbSITAte........ccovvenrniniscnsnissnninnnescnnnc

Soft and hard MPI mass spectra of tryptophan obtained by using the
pulsed rapid heating method for sample vaporization with laser
ionization at 266 nm. The ionization laser power densities were (A)

1x105 W/em?2 and (B) 1X107 W/CIN2 .......oceerurrresessnssssssrssrsesssssssssssssessssssssses

Soft and hard MPI mass spectra of tryptophan obtained by using laser
desorption with laser ionization at 266 nm. The ionization laser power

densities were (A) 1x106 W/cm?2 and (B) 1x107 W/cm2. The CO2
laser power density was about 1X106 W/CIZ ........c.evcuumncemmssunsnenssssssssasses



5.5

5.6

5.7

5.8

59

5.10

5.11

5.12

5.13

5.14

6.1

6.2

6.3

6.4

Soft ionization mass spectra of (A) tyrosine and (B) phenylalanine
obtained by using the pulsed rapid heating method for sample
vaporization with laser ionization at 266 nm. The ionization laser

power density is about 1x108 W/CIM2..........vvvimmmersesssssessssssssssssssmssssssnnsinns 89

Soft and hard MPI mass spectra of Ala-Tyr obtained by using the
pulsed rapid heating method for sample vaporization with laser
FONIZAON AL 266 MMa....verrerereereeneseersssosssssssssssissossssnsasssssssensassssssnssesassessassssssns 91

Soft and hard MPI mass spectra of Ala-Tyr obtained by using the
pulsed CO3 laser for sample desorption with laser ionization at 266
111 1+ SRR Heestesssesateesaeennteatesasesatietseat s as e bes s ae e ae st nesana e as e s st 92

Mass spectra from the direct heating of (A) tryptophan and (B)
LYTOSINE  c.urvenssuscurersesssrsssessessnasssssssenssssessstassssasssssienssnssssstasnassstsssss sssssussnssssnsss 96

% Decomposition of tryptophan vs temperature of the heated probe tip
at various CONStant CONLACE HIMES ...cccevuisersseisissnnsanssensanssessssossssasssnsssesansnsarass 99

% Decomposition of tyrosine vs temperature of the heated probe tip at
various constant CONLACE tHMES ....cccceverueriserisnesirensassrenstenssessstssssessieisseseiens 100

% Decomposition of tryptophan vs (A) contact time between the
heated probe tip and the sample and (B) heating rate........ccouuonircensnrerennces 102

% Decomposition of tyrosine vs (A) contact time between the heated
probe tip and the sample and (B) heating rate .......ceerseccciecssinensssinniens 104

% Decomposition of tryptophan at various constant heating rates.
Both the temperature and contact time are varied so as to maintain a

CONSLANt HEALINE TALE ...covvveririrnrreninstasesssscsssesnsesssssssnsnetsiaarsnsnssssssssassucsns 105

% Decomposition of tyrosine at various constant heating rates. Both
the temperature and contact time are varied so as to maintain a
CONSLANt NEALNE TALE .....cccmerrrerrerersineratarsssnsnsssstsssstsseaiasesessssnssssssnsssessasaes 107

MPI mass spectra of Trp-Gly obtained at different laser desorption
pulses at the same sample spot: (A) the averaged spectrum from the
initial two laser pulses (B) the averaged spectrum from the third and
forth pulses and (C) the averaged spectrum from the fifth and sixth

LD/MPI mass spectrum of Trp-Gly obtained by averaging over 50
pulses at the same sample spot with the use of a thick sample.........ccceeuee. 114

LD/MPI mass spectrum of Trp-Gly. No supersonic jet cooling is
empolyed and a linear TOFMS is USed......ccoconuimnmmnninisnnuscsissnsniinscnscisinens 115

MPI mass spectra of Trp-Gly obtained by using the pulsed sample
introduction method for sample VapoTiZation.........c.eenueresusuennsssassasssssonees 119



7.1

7.2

73

7.4

1.5

7.6

7.7

8.1

8.2

83

8.4

85

Schematic diagram of the atmospheric puised rapid heating / UV
spectrometer exXperimental SCHUP. .......covveieererrsresisseessiareanssnsessnsscssissssesisnes

Gas-phase UV spectra of (A) tyrosine (B) Dopa (C) norepinephrine
and (D) tryptophan obtained by using the pulsed rapid heating method
for sample volatilization in a diode array spectrophotometer..............cceuue.

MPI mass spectra of (A) the pure solid sample of tryptophan (MW
204), (B) the sample collected from the condensed vapor after
tryptophan is volatilized in the atmosphere by using the pulsed rapid
heating method and (C) the sample collected from the condensed
vapor after tryptophan is volatilized by using the slow heating method .....

UV spectra of 3-amino-4-hydroxybenzoic acid in (A) the gas phase
obtained by the PRH method and (B) methanol solvent.............ccccvveennen.

UV spectra of (A) 3-amino-4-hydroxybenzoic acid in the gas phase
obtained by the slow heating method (B) 2-aminophenol in the gas
phase obtained by the PRH method and (C) 2-aminophenol in

MELhANOI SOIVEIL......ccviiicreersecrnrereesssnsesssssenssssssastasssssessssassessssssanssssssssssssssse

MPI mass spectra of (A) the pure solid sample of 3-amino-4-hydroxy-
benzoic acid (MW 153) and (B) the sample collected from the
condensed vapor after 3-amino-4-hydroxybenzoic acid is volatilized in
the atmosphere by using the PRH method.........cciiiiis vevveinnvennnnaennnne.

MPI mass spectra of (A) the pure solid sample of 2-aminophenol (MW
109) and (B) the sample collected from the condensed vapor after 3-
amino-4-hydroxybenzoic acid is volatilized in the atmosphere by using
the slow heating MEthod .........ccevininienicnnneinneninenenieiiessensen,

Schematic of the continuous flow probe and the ionization region of
the reflectron time-of-flight mass spectrometer used for resonant two-
photon ionization spectroscopic studies of the laser desorption process.....

R2PI spectra of benzimidazole obtained (A) from background
molecules at room temperature and (B) from molecules generated by
using LD with a 7.0 cm expansion diStance .........cc.ccoeseevreverssnsensecsunsrensnne

R2PI spectra of benzimidazole obtained from molecules generated by
using LD with glycerol concentrations of (A) 0% (B) 10% (C) 20%
and (D) 50%. The sample expansion distance is fixed at 6.5 cm................

R2PI spectra of benzimidazole obtained from molecules generated by
using LD with the sample expansion distances of (A) 4.0 cm (B) 5.0
cm and (C) 6.0 cm. The solution sample contains 5% glycerol .................

Sample pulse profiles of the benzimidazole neutrals generated from
LD. The ionization signal is monitored as a function of the time delay
between the desorption laser and the ionization laser. The ionization
laser wavelengths used are (A) 277.57 nm, corresponding to the origin
transition of benzimidazole and (B) 278.10 nm, corresponding to a hot
baNd TANSIION. ..c.eceiiirriiecnsassnsasissesisesenssisssssssesssasssssssesessssssssrsssssessssesssnes



8.6

8.7

8.8

9.1

9.2

9.3

9.4

9.5

9.6

9.7

9.8

9.9

9.10

R2PI spectra of benzimidazole with LD at different spatial positions of
the sample profile shown in figure 8.5. The delay time between the
desorption laser and the ionization laser is (A) 67 us (B) 80 ps (C) 110
1S and (D) 130 HS coeecviivcnesmnimnsrninnisissessssnsssssssssssssssissssismsesasssssssssssasnsns 162

R2PI spectra of a benzimidazole and resorcinol mixture. The
molecular ion peaks of benzimidazole and resorcinol are
independently monitored by a gated integrator while the wavelengths
ATE SCANMEA..cuveeerereeresearernenessenssrsssssonssrestsnssssassennsssossnssssssssssassssssnsasssssasassnss 166

R2PI spectra of a benzimidazole and bradykinin mixture. The mole-
cular ion peak of benzimidazole is monitored by a gated integrator
while the wavelengths are scanned.........o.cvveiieeiereseneneennnrnensnessnssnssossesnesesas 167

Schematic of the initial flow probe used for continuous-flow matrix-
assisted laser desorption 10NIZatiON........ccceveviernresenteeresesaressnesnsscsnsnsassnes 175

Single-shot mass spectrum of lysozyme obtained by flow injection
CF-MALDI. The total sample injection is 2 picomoles ........cccvereerccsennee. 181

Flow injection ion profiles of repeated injections of 2 picomoles of
LYSOZYIMIE couvuvrircrnsivencrenensanenenssersmssnsssessassssssastssssssssssansnssenssssssasnsssssssssasssnsess 183

Flow injection ion profiles of repeated injections of different amounts
of cytochrome c¢: (A) 3 picomoles and (B) 9 picomoles..........ccoocureirunnnee. 185

Single-shot mass spectrum of cytochrome c obtained by flow injection
CF-MALDI with a total injection of 3 picomoles of the sample................. 186

Single-shot mass spectrum of chicken egg albumin with an injection of
9 picomoles. The experimental conditions are similar to those of
FAGUIE 9.4 ...ttt ss s s ssss st tasns e sssa s s s su s 187

(A) Unsmoothed and (R) smoothed flow injection ion profiles
obtained from an injection of 9 picomoles of chicken egg albumin............ 188

Peak areas in ion profiles as a function of the sample amount injected
for cytochrome c. Error bar are * 1 standard deviation from 5 repeat

IMJECHOMNS «.uveeeeecncrcrinireriaitiesesss s ssaebensassssassssssasatasasasastinsasnsassa s se s e s s snes 191

(A) Linear and (B) reflectron time-of-flight mass spectra of bacitracin
under CF-MALDI conditions. The molecular ion region is shown............ 194

(A) Mass spectrum (average of 5 shots) of a protein mixture oh:ained
by MALDI in a static mode with the orthogonal ion cxtraction
configuration. 1 pL solution containing 8 picomoles of lysozyme, 6.5
picomoles of B-lactoglobulin, and 6 picomoles of trypsinogen is placed
on the probe and mixed with 1 uL 3-NBA matrix. (B) mass spectrum
(average of § shots) of a protein mixture obtained by CF-MALDIL............. 196



10.1
10.2
10.3
104
10.5
10.6

10.7

10.8

109

10.10

10.11

11.1

11.2

11.3

114

11.5

Schematic of CF-MALDI with post-matrix addition (no LC column)........ 204

Schematic of conventional column (2.1-mm ID) LC/MALDI system........ 205
Details of 3-port mixing tee for CF-MALDI with post-matrix addition ..... 206
Schematic of packed capillary LC/MALDI SyStem.......cccoeinuersusesesiocssisenes 208
Schematic of packed capillary LC with UV (214 nm) detection................. 209

CE-MALDI flow injection analysis with post-matrix addition (no LC
column) of (A) 4 repeat injections of cytochrome ¢ (8 pmol each) and
(B) 5 repeat injections of lysozyme (7 pmol each).......ceuiiinrennaseisinneass 211

On-line gradient separation of cytochrome ¢ and lysozyme with
conventional LC (2.1-mm ID) and MALDI/TOFMS detection.
Chromatograms represent 5 nmol injection each with 0.2% (10 pmol)
split to MS (A) raw data and (B) data SMOOLING ....vivvrieriereirisseruesessnsanssesese 212

Comparison of an on-line gradient LC separation of cytochrome ¢ and
lysozyme with (A) MALDI/TOFMS detection and (B) UV detection

(242 NN c.oeeeiccceseseeenssssiasssiersts s st s st srsssssasa b sa R et a b sa eSS hshsa SR st st an 0 214

On-line gradient separation of cytochrome c, lysozyme, and
myoglobin with conventional LC (2.1-mm ID) and MALDI/TOFMS
detection. Chromatograms represent 5 nmol injection each with 0.2%
(10 pmol) split to MS (A) raw data and (B) data Smoothing .........ceceeeevereee 215

On-line isocratic separation of cytochrome ¢ (9 pmol) and lysozyme (8
pmol) with packed capillary LC and MALDI/TOFMS detection (A)
raw data and (B) data SmOOhing .........cceceveveienueresrsiscsnnmnnssssisssssisncssancassans 217

Isocratic separation of cytochrome ¢ and lysozyme with a packed
capillary LC and 214 nim deteCtion.........c.ovecsiuimssssisscssssssssssisisssssnsssessinses 218

Schematic diagram of the new linear time-of-flight mass spectrometer
with parallel ion extraction and an electrically insulated probe heater........ 223

Modified CF-MALDI probe tip and the acceleration plates of the time-
Of-flight MASS SPECITOMELET.....covererrumrarsssnssessssscsissastsssssssensassssanssssasassasnsss 224

Orthogonal and parallel ion extraction for time-of-iiight mass

SPECITOMELTY c..ouvuirernurinssesessssssssersssessssnsssessssssisssssssstsssssssesssstasasssassnssssssssssss 227
Static MALDI mass spectra of bovine insulin 8-chain with 3-NBA.
Sample desorbed both orthogonal and parallel to the flight tube ................ 229

Mass spectra of bradykinin (9 pmol) with continuous-flow MALDL.......... 230



3.1
32

5.1
5.2
6.1

6.2

List of Schemes

Fragmentation of anilines and phenols ...........ccovviviiiiniinennniiinnannnn.

Proposed fragmentation process for 4-isopropylphenol

after the absorption of two or more laser photons ........coceeveviceiiieiniaiiennnne
The vaporization and decomposition of tryptophan ...

The vaporization and decomposition of tyToSine........ccocuvsiensiviretseiesesnsnrenss

Proposed MPI fragmentation pattern for substituted
ArOMAtiC AMINO ACIAS ..vveveererreerersreseerieresisseesmsiesnssnsrssansnenasssnssessesssssssssssones

Fragmentation process for dipeptides having a
N-terminal aromatic SrOUP.........cevsrerussesussassarueessssassesessossessssesusseisneressssenes



List of Abbreviations

CF .ovviirrerenrecenassssesessnesessnsassasansasassoness Continuous Flow

Cl . ceerrercreresessssssssssesessessenssssussssossasaes Chemical Ionization

El oececresenensessensisnnssesnssnssnssssssssissenes Electron Impact

FAB ....oticrerrcrenanieeisssnnssnessssssesssssssans Fast Atom Bombardment

FIA ..coiireneenreeressseossssssssassnesaessasssssassoes Flow Injection Analysis
FTICR...ccoeverreesnessensinssnssaesnsssssssssassans Fourier Transform Ion Cyclotron Resonance
FTMS..oviceevernresnssisnssesasseessssssssssssssons Fourier-Transform Mass Spectrometer
FWHM.....covcenenniminsennnsssnsnssmssssssoses Full Width at Half Maximum

HPLC ....ccoorecirensiensesissnessensesssssesssnsasee High Performance Liquid Chromatography
P cecnecreerrennsasasssessssanianeasensassasassstses Ionization Potential

IR oreeeeiecteeeernesssssasssessnsssnsasssanssssassasons Infrared
LCtierrrerecsessssnssssnsserassesansasnsssasasons Liquid Chromatography

LD . ooeicinreeinersnnessnessisssssssosssessasssaassns Laser Desorption

LDMS . cieireneennenseiss sressnssuessassssnesess Laser Desorption Mass Spectrometry

LNZ o oietererveenresniesssnsssssssessansssnassosssnse Liquid Nitrogen

MFe o srsesssesssssssssssssssssssassaes Molecular Ion
MALDIL......ocoviiirnnirissesinnsnsansasensssssess Matrix Assisted Laser Desorption Ionization
MPL.....cooiietenreeresecneesaessesessssssnessenes Multiphoton Ionization

MBS e snsnenes Mass Spectrometry

MW .oiiiirrrrenrestessssssessesssssessssssanasasnes Molecular Weight

PAH ....ovirieieeennnscininnesneniessssssssssens Polycyclic Aromatic Hydrocarbon

PRH ..ouveteeienrensnsessisnsnssesnsssssssessaseas Pulsed Rapid Heating
PSI..iceeceeeersnensssscnnssressnssasssassesssssoes Pulsed Sample Introduction
R2PL......oeeccviccneenanssnnsnsssnessnsssassansansans Resonant Two Photon Ionization
REMPIL........comminnnnnienenennesicccens Resonant Enhanced Multiphoton Ionization
RSD oieeerreerencnissesresessssnnssensesssnes Relative Standard Deviation

SIMS ... ceerrrecrearsssssessnssssssssssasanenaes Secondary Ion Mass Spectrometry

SJ ettt en et snnse Supersonic Jet

SIS ettt stesassrasasae e Supersonic Jet Spectroscopy

TOF ..oovirrervrreresassecssnssssaesessesssansssssasess Time-of-Flight
TOERMS.....coitvecncnnenosensessesressessesasssanes Time-of-Flight Mass Spectrometry

UV aeeerenreeessnsnnsesessssssssssesssssssnasssaes Ultraviolet

VS eererererereesessssseresnesssensanenresasssnsonsas Visible



Chapter 1

Introduction to Laser Ionization Mass Spectrometry

1.1 Introduction

Mass spectrometry (MS) is regardcd as one of the most sensitive and powerful methods
of chemical analysis. The heart of mass spectrometry involves the production of ions
from neutrals. As a result, the development of new and more versatile ionization
sources for both small and large molecules has become one of the most active research
areas. In the past ten years there has been a great deal of interest in the development of
laser ionization mass spectrometry. Laser-induced multiphoton ionizaiion (MPI) mass
spectrometry has already established itself as a powerful technique for chemical
detection and structural analysis [1,2]. With the discovery of matrix-assisted laser
desorption ionization (MALDI) in 1987 [3], the mass spectrometric analysis of
biopolymers in the molecular mass range between a few thousand to a few hundred

thousand Daltons is now possible.

In MPI, an intense laser beam is used to ionize sample molecules and the resulting ions
are usually detected by a time-of-flight (TOF) [1,2,4] or Fourier-transform (FT) mass
spectrometer (MS) [5-9]. MPI s a versatile ionization source in which mass
fragmentation patterns can be readily controlled for molecular weight determination or
structural information. Supersonic jet spectroscopy (SJS) has been combined with MPI
mass spectrometry in a TOFMS to further enhance the sensitivity and selectivity of the

MPI technique [1,10-12]. By incorporating SJS with MPI mass spectrometry, a two-



dimensional detection scheme based on mass spectra and jet-cooled wavelength spectra

can now be employed for identification and detection of molecules.

In the past both MPI mass spectrometry and SJS were limited to the studies of volatile
molecules, since MPI and SJS are generally used for probing gas phase molecules. In
order to extend these two techniques to study thermally labile biochemicals, a method
for desorption / vaporization without thermal decomposition is required. Several
methods, including supercritical fluid injection [13] and thermospray/heating [14], have
been attempted to introduce these molecules into the supersonic jet. More recently,
laser desorption (LD) has been successfully used to introduce biological molecules into

a supersonic jet (SJ) expansion [15,16].

The firs. part of this thesis is mainly focused on the development of SJS and MPI/MS
for the study of small biological molecules (MW < 1000). We were interested in
simple alternative methods to introduce thermally labile and nonvolatile molecules into
supersonic jets. Methods that have been developed and applied in our labs are pulsed
fast atom bombardment (FAB) [17] and pulsed rapid heating (PRH) [18]. Both FAB

and PRH are simple and inexpensive methods, comparable in performance to LD.

Other work was also carried out in relation to SJ/MPI mass spectrometry. A method
was developed to enhance signal intensity by using & cylindrical lens instead of a
spherical lens, without degrading the mass resolution or the supersonic jet cooling [19].
MPIMS for the difficult isomer discrimination of substituted polycyclic aromatic
hydrocarbons (PAH), anilines, and phenols was studied [20]. Water and ammonia
elimination from labile dipeptides was looked at using PRH and LD {21]. As an

application, the PRH technique was used for obtaining gas phase UV-Visible



absorption spectra of thermally labile compounds [22]. Finally, in order to have a
better understanding of the mechanisms involved in LD, resonant two-photon
ionization (R2PI) spectroscopy was used to examine the molecular cooling and

supersonic jet formation in LD [23].

In the second part of this thesis, large molecules (MW > 1000) were studied with
matrix-assisted laser desorption ionization (MALDI). A data system was developed for
transferring and storing mass spectra at high repetition rates, specifically for MALDI
[24]. Continuous flow (CF) was coupled to MALDI for flow injection anailysi- of large
peptides and proteins [25,26]. In order to further extend CF-MALDI, the coupling of
liquid chromatography (LC) to MALDI for the on-line separation and detection of
neptides and proteins was carried out [27]. Finally, current research in our laboratory

involving CF-MALDI with an improved ion extraction geometry is described [28].

In this chapter the fundamentals of the MPI and supersonic jet technique will be
introduced. Pulsed laser desorption for sample introduction will be discussed. As well,
the combination of supersonic jet with time-of-flight mass spectrometry will be
presented, along with an overview of MALDI. In the last section, the main
instrumentation used in this thesis will be briefly described: supersonic jet expansion,
various desorption techniques for sample introduction, multiphoton ionization of
sample molecules, and TOFMS for ion separation and detection. Specific apparatus
and experimental procedures unique to each topic will be discussed in the appropriate

chapters.



1.2 Multiphoton Ionization

In the multiphoton ionization (MPI) technique a molecule absorbs more than one
photon upon irradiation with an intense ultraviolet or visible light source. This results
in ionization if the multiphoton energy exceeds the ionization potential of the molecule.
In general, the absorption of photons is a low efficiency process. If, however, the
photon energy corresponds to the energy difference between the ground state and an
excited electronic state, then the efficiency of the absorption process or the cross-
section for ionization is increased by several orders of magnitude. This technique is

known as resonance-enhanced multiphoton ionization (REMPI) [10-13,29].

In the simplest cases the absorption of two UV-photons leads to ionization of the
molecule, since most organic species have ionization potentials between 7 and 13 eV
[29]. As a result, the MPI method that has found most extensive application and is
used throughout this work is resonant two photon ionization (R2PI) [10-13,30,31]. As
shown in Figure 1.1B, the first photon excites a molecule to an excited electronic state,
i.e. S0-S1, and a second photon ionizes the molecule. There are several other processes
in which MPI can also be induced. Also shown in Figure 1.1A and 1.1C are
nonresonant MPI and two-photon resonant MPI, respectively. However, because in
these processes at least one photon is nonresonant and interacts with a very short-lived
virtual state (< 10°15 s), the efficiency for ionization is far less than that achieved in
R2PI. In addition, in nonresonant MPI the wavelength selectivity is lost, whereas in

MPI it is a unique property.

A molecule that undergoes multiphoton ionization becomes a radical cation. Radical
cations can also result from conventional jonization methods such as electron impact

(EI), charge exchange (CE), and single-photon ionization. The basic difference
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Figure 1.1 Energy level diagram showing MPI transitions:
(A) nonresonant MPI (B) resonant two photon
ionization (R2PI) and (C) two photon resonant
ionization.



between conventional ionization methods and MPI is the mechanism of energy
dc position into the reactant species. In conventional methods, energy that is greater
than the ionization potential is supplied to the molecule in one step. As shown in
Figure 1.2A, both ionization and fragmentation occur in the EI situation. In MPI,
however, the energy deposition can be carefully controlled since the energy of a single
photon is usually lower than the ionization potential (Figure 1.2B). Multiple
absorption of photons is required to accumulate the necessary energy for ionization.
Thus, the R2PI technique is extremely efficient for producing molecular ions.
Frequently ionization in the several percent regime of the seeded molecules in a
molecular beam can be achieved without fragmentation within the laser beam
[2,30,31]. For several favorable cases, such as aniline and naphthalene, ionization
efficiencies ranging from 10 to 100% have been estimated [2,30,31]. The high R2PI
efficiency contrasts sharply with that of electron ionization, which typically ionizes less

than 0.01% of the molecules that enter the ionization chamber of a mass spectrometer.

Soft Ionization: For identification purposes, soft ionization methods are often
desirable because only the molecular ion with little or no fragmentation is produced.
MPI can provide very efficient soft ionization for mass analysis [5,12,31-35]. In R2PI,
soft ionization generally appears to occur at laser powers of ~ 109 W/cm2 for a wide
range of organic compounds. For small aromatic molecules such as aniline [30,33],
benzene [2,36], and naphthalene [2,33,35], abundant molecular ions with little or no

fragmentation can be routinely produced.

Hard Ionization: Extensive fragmentation for structural analysic can be obtained
by either increasing the laser power density or changing the ionization wavelength. For

instance, Zandee and co-workers [32,37,38] have shown that C* is the predominant ion
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Mt = molecular ion; Fl+, F2+, ...= fragment ions. In contrast
to EI, in MPI the molecular ions are formed with :
(1) a narrow energy distribution and

(2) little excess energy.



from REMPI of benzene with a laser power of 10° W/cmz. With different laser power
densities the fragmentation pattern will reflect different carbon cations, including such
fragments as C6Hn+, C5Hn+, C4Hn+, C3Hn+, C2Hn+ and CHn+. The "ladder
switching model" has been suggested to explain the MPI fragmentation process [39].
In this mechanism (see Figure 1.2B) either R2PI or one of the other MPI processes
outlined previously is used to produce the molecular ion. The internal energy of the
molecular ion is only slightly higher than the ionization energy. The subsequent
absorption of additional photons will occur with increasing laser power, hence resulting
in a "switching of ladders." When the rate of unimolecular decomposition exceeds the
rate of photon absorption then fragmentation takes place. This occurs because of the

excitation to a state that dissociates, producing ionic (neutral) fragments.

Wavelength Selectivity: In MPI, the wavelength of the laser light can also be
varied [29]. The ionization probability will be low if the laser wavelength is not tuned
to a real electronic intermediate state. Although the final detected product is ions, the
ion current will depend on the absorption cross-section of the molecule at the chosen
wavelength. Consequently, a plot of ion current versus the laser wavelength will
reflect the absorption-excitation spectrum of the intermediate state. This is of great
importance for a mixture analysis. The compound which is preferably ionized is the
one which possesses an intermediate state in resonance with the wavelength being

used. Therefore, it is possible to detect trace components in mixtures with increased

sensitivity.

In conclusion, the MPI technique shows tremendous versatility as an ionization source
for mass spectrometry in which either soft ionization or very extensive fragmentation

can be produced. The MPI ionization cross-section reflects the absorption-excitation
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spectrum of the intermediate state. This provides MPI mass spectrometry with
unique feature in mixture analysis, that is, identification and discrimination based on

the spectral selection of compounds in mass analysis.

1.3 Supersonic Jet Expansion

The gas phase UV/Vis absorption spectra of polyatomic molecules at room temperature
normally show broad and unresolved bands, since a large number of vibrational and
rotational states are populated. To investigate molecules with resonance-enhanced MPI
mass spectrometry, thermal excitation should be as low as possible, so that the broad
absorption bands become sharp peaks and a selective excitation is possible. The
supersonic jet (SJ) technique is used to enhance the selectivity of R2PI in molecular
systems. A supersonic jet is formed by expanding a carrier gas (i.e. Ar) through a
small orifice in a high pressure nozzle into a vacuum (see Figure 1.3) {31,40-42].
There are two essential requirements for generating a supersonic jet. Firstly, a large
pressure gradient acrcss the orifice/vacuum interface is required. The typical pressure
in the nozzle is about 1 atm and the pressure in the vacuum is normally less than 104
Torr. Secondly, the orifice diameter must be larger than the mean free path of the gas
so that many two-body collisions can take place during the expansion. To form a
seeded molecular beam expansion, a small amount of sample is usually directly
introduced into the nozzle and the mixture is allowed to expand through the orifice.
For thermally labile nonvolatile compounds, a desorption technique such as LD
[15,16], FAB (chapter 4) [17], or pulsed rapid heating (chapter 5) [18] is first used to
vaporize the molecules, and the resulting gas phase neutrals are then entrained into the

supersonic jet just outside the nozzle orifice.
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Several unique features can be provided by a supersonic jet expansion. The most
important feature is the translational cooling which takes place during the jet
expansion. A hydrodynamic process takes place during the early stages of the jet
expansion in which the gas flows through the orifice and into the vacuum. This
hydrodynamic expansion converts the random motion of the carrier gas into directed
mass flow (Figure 1.4A). The carrier gas translational temperature decreases as a result
of this conversion. This process can be understood by examining the velocity
distribution of the carrier gas before and after the jet expansion. As shown in Figure
1.4B, inside the nozzle the velocity distribution of the gas can be expressed by the
Maxwell-Boltzmann velocity distribution. Translational cooling takes place after the
gas expansion, since the velocity distribution in the directed mass flow becomes very
narrow (see Figure 1.4C). The typical translational temperature of a carrier gas such as

Ar after expansion is 1°K [41,42].

Another important characteristic of the supersonic jet expansion is that a "free flow"
collisionless regime is formed after the initial part of the expansion (see Figure 1.3). In

the free flow regime, the molecules are isolated and free of any collisions.

To apply the supersonic jet technique to MPI mass spectrometry, a small amount of
sample is seeded into the carrier gas, and the mixture is expanded hrough an orifice to
form a molecular beam. As the expansion proceeds, there are a large number of two-
body collisions between the light carrier gas and the heavy seeded species in which the
internal energy of the large sample molecules is transferred to the carrier gas. Because
the energy exchange between the molecular rotational motion and atomic translational
motion is extremely fast, the rotational temperature of the molecules is similar to the

translational temperature of the carrier gas, that is, 1°K. However, the energy transfer
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Figure 1.4 Schematic diagram of translational cooling process.
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between the molecular vibrational motion and atomic translational motion is somewhat
slow. Thus the vibrational temperature of the seeded molecules is usually above the

translational temperature but well below the original temperature.

In summary, the supersonic jet expansion can be used to obtain ultra cold, isolated gas
pha. 1.0lecules with sharp spectral features. Thus R2PI spectroscopy with supersonic

jets hi< the potential to provide enhanced selective ionization in MPI mass

spectror ‘ry.

1.4 Pulsed Laser Desorption / Vaporization

Lasers have been used since the 1960's to vaporize small amounts of solid inorganic
material. More recently, lasers have been successfully used in vaporizing (desorbing)
large thermally labilc and nonvolatile bi.'ogical molecules [43]. To extend the R2PI
and supersonic jet technique to biological systems and other large molecules, it is
essential to introduce these nonvolatile solid samples into the gas phase. It is difficult
to volatilize biological molecules by traditional means (such as direct heating) without
thermal degradation. The advantage of using lasers to generate gas-phase species is
that the laser induces a rapid temperature increase, up to 108 K/s [43], which allows

desorption to be favored over decomposition.

A high-powered pulsed infrared laser is typically used to perform laser desorption. The
vaporizing laser imparts its energy to the sample, the substrate, or a suitable matrix.
This form of rapid heating induces molecules to be desorbed from the surface before
they have time to decompose. In the actual desorption process both ions and neutrals
are formed, although the yield of neutral molecules is generally much larger than the

ion yield. Typical values for the ratio of neutral molecules to ions are about 1041 [44].
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Nevertheless, most detection schemes for LD in the past were focused on the small

percentage of ions produced during the desorption event.

To make use of the large ratio of neutral molecules to ions, a tandem arrangement of
laser evaporation of intact neutral molecules into a supersonic jet followed by
multiphoton ionization can be employed [45-48]. The result is a much larger sample
available for ionization as compared to the generation of ions in direct laser desorption
/ ionization mass spectrometry. In addition, the desorption and ionization processes are
now separated in time and space. Thus, the laser energies for desorption and ionization
are now independent of one another. By controlling the output power of the ionization
laser, R2PI can be used to produce mass spectral patterns that range from molecular
ions to extensive fragmentation. In addition, the separation of desorption from the post
ionization steps allows one to perform supersonic jet cooling of the desorbed molecules

prior to ionization.

1.5 Supersonic Jet / Time-of-Flight Mass Spectrometry

The time-of-flight (TOF) method for mass analysis is exceedingly simple. Ions are
accelerated through a known potential V, and the time t taken to reach a detector (in a
field-free flight tube of length L) is measured (Figure 1.5) [49]. Assuming that all ions
experience the same potential difference V, the arrival time of the ions will be
proportional to the square roots of their masses. In our drift tube (1-meter length), a
complete mass spectrum in the range 0-500 Da can be acquired in 50 us. Thus, TOF
requires rapid data acquisition, which has only been possible in the last few years.
Nevertheless, the TOF mass spectrometer has many advantages such as high speed,

high sensitivity, simplicity, low cost, and no mass limit.
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Figure 1.5 (A) Linear and (B) reflectron time-of-flight mass spectrometers.
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It is first necessary to define mass accuracy and mass resolution when discussing mass
spectrometer performance. Mass accuracy refers to the percent error involved in
assigning a mass to a given ion signal. It is calculated by dividing the mass assignment
error by the ion mass, and multiplying by 100%. On the other hand, mass resolution is
a measure of an instruments' ability to produce separate signals from ions of similar
mass. It is expressed as the mass m of a given ion signal divided by the full width at
half maximum (FWHM) intensity of the signal Am . The higher the mass resolution (m

/Am ) the more superior the mass spectrometer in terms of discriminating ions of

similar masses.

The simplest mass spectrometer system generally used in MPI experiments has been
the linear time-of-flight (TOF) mass spectrometer. However, due to the initial energy
and spatial spread in the ion-acceleration region, linear TOF mass spectrometry is
generally a low resolution technique [29]. In an effort to compensate for this energy
spread problem, the supersonic jet technique has been combined with TOF. As
discussed in section 1.3, in an ideal supersonic beam all the molecules are traveling
with the same velocity, thus minimizing the initial energy spread. Consequently, in a
typical SIS/TOF mass spectrometer, a resolution of 500-1000 or higher can be
achieved, since the resolution is limited only by the 5-10 ns width of the ionization
laser pulse. This contrasts sharply to the more typical resolution of around 200 in a

linear TOF instruments with no supersonic jet.

Another important technique which can substantially improve the resolution of
TOFMS is known as the reflectron TOF (Figure 1.5) [50,5 1]. Mass resolution over
10,000 has been reported [52,53]. This device compensates for the difference in ion

flight times of the same mass-to-charge by means of an ion reflector. A system of
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electrostatic fields (i.e. the ion reflector) is placed at the end of the time-of-flight drift
tube. The ion reflector allows ions with greater energies to penetrate a greater distance
into the reflector region than ions with lower energies. The reflector scheme, therefore,
c:'mpensates for the initial spread in ion velocities caused by the finite laser width used
for ionization. If the total flight time in the drift and reflector region can be made the
same for every ion of the same mass-to-charge ratio, then the ion packet widths will be
narrow, as is necessary for the attainment of high resolution. Thus, by combining the
supersonic jet with the reflectron technique the low resolution problem, which had

limited TOF technology for many years, can now be overcome.

1.6 Electrespray Ionization and MALDI

Two recent developments, electrospray ionization (ESI) [54,55] and matrix-assisted
laser desorption ionization (MALDI) [3,56], have made possible accurate and sensitive
determination of molecular masses of large biopolymers such as proteins,
carbohydrates, and polymers. Both techniques have overcome the main difficulties
with MS methods, that is, the desorption and ionization of large and labile
biomolecules. Although MALDI is exclusively used in this work, it should be noted
that the techniques are not competitive, but rather complementary, since each exhibits

unique features and characteristics.

ESI utilizes the highly charged droplets formed when a liquid is sprayed in a high
electric field under atmospheric pressure. This process produces naked, intact protein
molecules in ionized form from a dilute solution. Fenn and co-workers have found that
ESI is a very efficient means for producing peptide and protein ions suitable for study

by mass spectrometric analysis [55].
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In 1987 Karas and Hillenkamp developed the MALDI technique [3]. A low
concentration of analyte molecules, normally exhibiting low absorptivity, are
embedded in a small, highly absorbing solid or liquid matrix. Typical matrices are
listed in Table 1.1, along with applications. The mixture is subjected to intense, short
duration bursts of ultraviolet (UV) laser light in the ion source of a mass spectrometer.
This produces a rapid phase change of the matrix from a solid (or liquid) to a gas [57].
Since this takes place very quickly, a very dense gas is produced which will expand
supersonically into the vacuum. This high gas density can carry the analyte molecules
away from the surface and into the gas phase. Photoexcitation or photoionization of
the matrix molecules most likely enhances ion formation of the analyte molecules.
This results in proton transfer to the analyte molecules. In this respect the analyte

molecules are shielded from the excessive laser energy that would ultimately lead to

their decomposition.

Samples are prepared for mass analysis by adding the analyte sample to a concentrated
aqueous solution containing a large molar excess of a matrix [56]. A small volume of
this mixture containing 1-10 pmol of analyte is dried on a sample probe. The thin layer
of matrix microcrystals containing the isolated analyte molecules is inserted into the
mass spectrometer. Bombardment with short duration UV laser pulses (typically from
a nitrogen laser or Nd:YAG laser) produces charged analyte molecules, which are
subsequently analyzed in a time-of-flight mass spectrometer. Depending on the
amount of sample loading, the mass spectrum will show peaks corresponding to singly

and doubly protonated intact analyte molecules, as well as dimers and trimers.

In this work, we were interested in coupling MALDI to continuous flow (CF) methods.

This is possible if a liquid matrix is employed, as opposed to the more traditional solid
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Table 1.1

Typical matrices for Matrix-Assisted Laser Desorption Ionization (MALDI)

o

Matrix Form Applications

Nicotinic acid Solid Proteins

Succinic acid Solid Proteins

2-Amino-S-nitropyridine Solid Nucleotides

5-Chlorosalicylic acid Solid Nucleotides

trans-3-Indoleacrylic acid Solid Nucleotides
Polymers

3-Hydroxypicolinic acid Solid Nucleotides

2,4,6-Trihydroxyacetophenone Solid Nucleotides
Oligosaccharides

2,5-Dihydroxybenzoic acid Solid Polymers
Oligosaccharides

3,5-Dimethoxy-4-hydroxycinnamic Solid Proteins

acid

(sinapinic acid)

3,4-Dihydroxycinnamic acid Solid Proteins

(caffeic acid) Oligosaccharides

4-Hydroxy-3-methoxycinnamic Solid Proteins

acid (ferulic acid) Oligosaccharides

a-Cyano-4-hydroxycinnamic acid Solid Peptides
Proteins

2-Nitrophenyl octyl ether Liquid Polymers

3-Nitrobenzyl alcohol Liquid Proteins
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matrices. We have exclusively concentrated on 3-nitrobenzyl alcohol (3-NBA) as the
liquid matrix (Table 1.1). Chapters 9-11 discuss CF-MALDI for flow injection

analysis, which is eventually extended to on-line LC-MALDI for detection of peptides

and proteins.

1.7 Instrumentation

The supersonic jet time-of-flight mass spectrometer setup used in our research is shown
in Figure 1.6 [17-21,58]. It consists of an angular reflectron TOFMS (R.M. Jordan Co.,
Grass Valley, CA) mounted vertically in a six-port cross pumped by a 6-in. diffusion
pump (Varian Associates, Inc., Lexington, MA). A pulsed nozzle (R.M. Jordan Co.,
Grass Valley, CA) with a 50-ps pulse width is used to form a supersonic jet. CO2 is
used as the expansion gas throughout our work. The pulsed supersonic jet is oriented
perpendicular to both the sample probe and TOF flight tube so that it can easily carry
the desorbed sample to the ionization region. The distance between the nozzle and
acceleration region is about 20 cm. The jet expands into the acceleration region of the
TOF and a laser beam, perpendicular to both the jet and flight tube, ionizes the sample.
The 1-meter-long flight tube is differentially pumped by a 4-in. diffusion pump (Varian
Associates, Inc.). The pressure in the flight tube is usually below 2x10-7 Torr and the

pressure in the ionization region is < 10-6 Torr.

For the study of thermally labile and nonvolatile biomolecules, a desorption/ ionization
scheme is generally used. In the experiments, samples are coated on a ceramic probe
and placed very close to the nozzle orifice. A pulsed laser beam, a FAB gun (chapter
4), or a PRH probe (chapter 5) is first turned on to desorb the sample. Next, the pulsed
nozzle opens to form a supersonic jet, and the sample is then entrained into the jet and

carried into the ionization region of the TOFMS where the ionization proceeds.
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The R2PI mass spectrometry experiments are performed with a frequency-quadrupled
neodymium:yttrium aluminum garnet (Nd:YAG) laser ionization source (GCR-3,
Spectra-Physics, Mountain View, CA), which generates 266 nm radiation with a 7 ns
pulse width. The laser is normally operated at a 10 Hz repetition rate. The diameter of
the beam from the liser is about 7 mm. A 25.4 mm diameter cylindrical lens (ESCO,
Oak Ridge, NJ) or combination of a concave and a convex lens is used to produce a 2-3
mm diameter beam for ionization. The laser power is measured with an Ophir Model
10A-MED-AN laser power/energy meter (Diamond Ophir Optics, Wilmington, MA).
Laser ionization (R2PI) spectroscopy is performed using the frequency doubled dye

output from a Quanta-Ray DCR-2A Nd:YAG pumped dye laser system.

In our SJS/TOFMS system, microchannel plate detectors are used for ion detection.
Two detectors have been installed in the system. One is placed behind the reflecting
field, which is at the end of the flight tube, so that this system will function as a linear
TOFMS when the reflecting field is turned off. When the field is on, ions will be
reflected. Thus, the other detector is placed near the extraction grid at the other end of

the flight tube (see Figure 1.6).

The mass spectrum is recorded by a LeCroy 9400A digital oscilloscope. All mass
spectra are then stored in either a IBM-compatible 386SX or 486DX33 PC for
processing. In chapter 9 a data system is described for transferring and storing mass

spectra at high repetition rates, specifically for MALDI.

The mass resolution of our reflectron SIS/TOFMS system is above 2000 for aniline at

m/z 93. It is found that the resolution increases when tke mass of the ion increases.
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For instance, the mass resolution of the system is about 4100 for 1,3,5-

triphenylbenzene at m/z 306. Thus isotope peaks can be easily resolved in our system.

The CF-MALDI experimental setup will be described in chapter 9.
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Chapter 2

Signal Enhancement by Using a Planar Laser Beam for
Muitiphoton Ionization in a Supersonic Jet / Reflectron
Time-of-Flight Mass Spectrometer

2.1 Introduction

Multiphoton ionization (MPI) mass spectrometry (MS) combined with supersonic jet
spectroscopy (SJS) is a very powerful method for chemical analysis [1,10,11]. In this
technique, sample molecules are generally introduced into a supersonic jet and carried
into the ionization region of a time-of-flight mass spectrometer (TOFMS) where ions
are produced through a resonant two-photon ionization (R2PI) process. Both a R2PI
jet-cooled spectrum and a MPI mass spectrum can be obtained. It has been
demonstrated that the two-dimensional detection scheme based on the jet-cooled
spectrum and the MPI mass spectrum can provide a unique means of molecular
identification and structural analysis of organic and biological molecules with high
sensitivity and selectivity [1]. In addition, when SIS/MPIMS is combined with various
desorption techniques such as laser desorption (LD), fast atom bombardment (see
chapter 4), and pulsed rapid heating (see chapter 5) for sample vaporization, thermally
labile and nonvolatile species can be studied. However, sample dilution, sample
expansion, and jet expansion of the carrier gas are all unavoidable when using a
supersonic jet. This ultimately reduces the sensitivity of the SJS/MPI technique.
Therefore, in order to increase the overall sensitivity of SJS/MPI mass spectrometry,
the extent of the sample expansion should be reduced and a larger laser beam size be

used to ionize as large a proportion of molecules as possible.
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In this chapter, a simple technique for signal enhancement is described. A cylindrical
lens is used to produce a planar laser beam for ionization, instead of the more
conventional circular laser beam. In the SJS/MPI system, a supersonic jet and a
relatively high resolution reflectron TOFMS are used. Thus, a study is conducted on
the effects of signal enhancement, mass :csolution, and jet cooling by using a planar
laser beam. It will be demonstrated that the use of a planar beam instead of a circular
beam enhances the signal about 4 to 16 times depending on the laser beam sizes, i.e. the
diameter of the beam for a spherical lens or the width of the beam for a cylindrical lens,
without losing resolution. Even with a large planar beam (i.e. length = 15 mm, width =
5 mm), resolution above 2000 can be achieved. In addition, supersonic jet cooling can

still be obtained.

2.2 Experimental

The experimental setup for SJS/MPI mass spectrometry is discussed in detail in section
1.7. In brief, it consists of an angular reflectron TOFMS mounted vertically in a six-
port cross pumped by a 6-in diffusion pump. The pulsed supersonic jet expands into
the acceleration region of the TOF and a laser beam perpendicular to both the jet and
flight tube ionizes the sample. The flight tube is differentially pumped by a 4-in.
diffusion pump. The pressure in the flight tube is usually below 6 x 10-7 Torr and the

pressure in the ionization region is < 10-6 Torr.

The ionization source is a frequency quadrupled Nd:YAG laser (GCR-3, Spectra-
Physics) which generates 266 nm radiation with a 7-ns pulse width. The beam
diameter directly from the laser is about 8 mm. This beam can be expanded up to 20

mm by using a combination of a convex and a concave lens (see Figure 2.1). The
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expanded laser beam is then focused into the ionization region of the TOFMS with
either a cylindrical lens (focal length = 152 mm) to generate a planar beam or a
spherical lens (focal length = 150 mm) to generate a circular beam. The 25.4-mm-in-
diameter cylindrical lens is made of UV grade fused silica (ESCO. Oak Ridge, NJ) and
can be easily mounted into a regular lens holder used for the spherical lens. Different
rectangular aperture sizes or circular apertures are inserted in between the lens and the
focal point to generate various laser beam sizes. The length of the planar beam is fixed
at 15 mm while the width of the beam can be varied. The focal point is located about
30 mm away from the center of the repeller plate to avoid local excess ionization. The
laser beam size can be measured by using heat-sensitive paper to display the beam
profile. The beam size (i.e. cross section) given below refers to the size of the laser

beam at the plane passing through the centers of the repeller plate and the extraction

grid.

Argon is used as the expansion gas for the generation of the supersonic jet. Aniline is
used in this study and introduced into the argon directly. The mass spectrum is
recorded by a LeCroy 9400A digital oscilloscope. All mass spectra are obtained with

signal averaging over 200 laser pulses.

2.3 Results and Discussion

Since the ionization signal intensity is directly related to the number of molecules
within the interaction region between the laser beam and the molecular beam, any
increase of the beam size will enhance the signal intensity. Indeed, we have found that
the signal intensity increases with the increase of the diameter (D) of the circular beam
for a spherical lens or the width (W) of the planar beam for a cylindrical lens. The use

of a planar laser beam instead of a circular beam (when D = W) increases the ionization
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area. Thus signal enhancement with a cylindrical lens is possible. Figure 2.2 shows
the relative intensity between the aniline molecular ion peak when a cylindrical lens is
used and when a spherical lens is used at different laser beam sizes (D or W). This
figure is obtained at a laser power density of about 5 x 106 W/cm2. When the laser
power is slightly increased fragment ions are observed. As Figure 2.2 shows, signal

enhancement from about 4 to 16 times can be achieved depending on the beam size by

simply using a cylindrical lens.

Effect of Planar Laser Beam on Mass Resolution: It has been known that a
TOFMS equipped with a reflectron field can improve mass resolution significantly over
a simple linear TOFMS [50]. Mass resolution above 10,000 has been reported [52,53].
Our system consists of two ion detectors, as described in section 1.7. One is placed
behind the reflecting field which is at the end of the flight tube so that this system will
function the same as a linear TOFMS when the reflecting field is turned off. When the
field is on ions will be reflected. Thus, the other detector is placed near the extraction
grid at the other end of the flight tube. When the system is operated in a linear TOFMS
mode, mass resolution is found to be about 300 for aniline at m/z 93 with a small size
laser beam (1-mm). When the beam size is increased, the resolution is so dramatically
reduced that a reliable mass identification becomes very difficult. However, with a
reflectron TOFMS, mass resolution above 2000 can be obtained even with a 5-mm x
15-mm laser beam. Figure 2.3 shows the relation between mass resolution and laser
beam size. This figure indicates that the use of a planar beam instead of a circular
beam does not change the mass resolution. Thus, we can have net signal enhancement
without losing resolution. Figure 2.3 also shows that the mass resolution decreases
when the diameter or the width of the laser beam is increased. This suggests that our

reflectron TOFMS can only partially compensate the initial spatial distribution.
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Effect of Planar Laser Beam on Supersonic Jet Cooling: We have
examined the cooling effect by examining the mass resolution in a linear TOFMS [34].
In a linear TOFMS, the mass resolution is directly related to the initial kinetic energy
distribution of the sample molecules. The energy distribution will be very broad if
there is no cooling or only partial cooling for the molecules in the jet [34], thereby
resulting in low resolution. By running our system in a linear TOFMS mode the mass
resolution re;nains the same when a circular laser beam is replaced with a planar beam.
Thus, the signal can be enhanced by the use of a planar beam without affecting the jet
cooling. This result is very significant for the R2PI supersonic jet spectroscopy studies
of biological molecules [16,59,60]. For most biological molecules, the use of high
laser power will have two effects, namely, severe fragmentation and spectral peak
saturation of the wavelength spectrum. The signal enhancement from 4 to 16 times will
allow one to reduce the ionizing laser beam power about 2 to 4 times for R2PI while
the overall signal intensity remains the same. Note that thermally labile and
nonvolatile biochemicals are usually introduced into the jet by LD [1]. In the LD
experiment, it is very difficult to increase the signal intensity by desorbing a larger
quantity of sample from a glycerol matrix per laser pulse. This is because the sample
has to be desorbed gently for an extended period to allow the ionization laser scan
through the whole wavelength region. In addition, increasing the desorption laser

power sometimes decreases the pulse-to-pulse reproducibility.

2.4 Conclusion
Signal enhancement from 4 to 16 times in a SIS/MPI can easily be achieved by using a
planar ionization laser beam. The use of a planar beam does not affect mass resolution

and supersonic jet cooling. This method should be useful for sensitive detection of
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organic and biological molecules, and for obtaining supersonic jet spectra of bio-

chemicals.
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Chapter 3

On the Capability of Multiphoton Ionization Mass Spectrometry for
Isomer Discrimination: Mass Spectra of
Positional Aromatic Isomers

3.1 Introduction

Multiphoton ionization mass spectrometry in combination with supersonic jet
spectroscopy is a very powerful technique for chemical detection and structural
analysis [1,11]. However, the capability of MPI for isomer discrimination based on
mass spectral fragmentation patterns has not been fully addressed. For the analysis of
organic pollutants, one of the most challenging problems is, indeed, isomer
discrimination. The identification of different isomers in a mixture is very important.
This is particularly true for the identification of polycyclic aromatic hydrocarbons
(PAHs), since carcinogenic properties of PAHs depend strongly on isomeric structure
and substitution. Although chromatography techniques can be used for the separation
of isomers prior to the introduction of the sample into a mass spectrometer, the
separation of isomers in a complicated matrix is often incomplete. Thus a selective
detection method is required. It is well known that it is difficult to discriminate isomers
based on electron impact (EI) mass spectra. MPI may be a more powerful technique
for the elucidation of molecular structure in that the molecular ion peak can be readily

obtained, while the molecular ion peak is sometimes absent in the EI mass spectrum.

Some studies suggest that isomer discrimination based on MPI mass spectra is difficult

since almost identical mass spectra are obtained for specific isomer pairs [33,61-63].
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However, Lubman has shown that although MPI mass spectra of azulene and
naphthalene are identical, these molecules give different mass spectra =* the same laser
power in terms of relative intensity of peaks [62]. Thus isomer discrimination becomes
possible. More recently, Johnston has shown that C7HgO and CgH1(O configurational
isomers can be distinguished on the basis of their MPI mass spectra [64]. However, the
EI mass spectra of these compounds also show different pa.lttems and thus can be used
for discriminating them. But one report demonstrated that MPI mass spectra of
isomeric species such as n-buty! iodide and tert-butyl iodide are different although the
EI mass spectra are almost identical [65,66]. McLafferty has shown that MPI mass
spectra at 193 nm obtained with a Fourier transform mass spectrometer can be used to

differentiate a number of isomers that have similar EI spectra [67].

In this chapter we report a study on the capability of MPI for the discrimination of
aromatic positional isomers. In particular, this study is focused on interpreting the
mass spectral fragmentation patterns of isomeric pairs of substituted PAHs, phenols,
and anilines. These molecules are chosen mainly because they can be readily ionized
by 266 nm photons and are environmentally significant. MPI mass spectra are
compared with their EI spectra in an attempt to determine whether the MPI technique is

more capable than EI for isomer discrimination for the compounds studied.

3.2 Experimental

The time-of-flight mass spectrometer setup has been described in section 1.7 [17-
21,58]. In brief, it consists of an angular reflectron TOFMS (R.M. Jordan Co.)
mounted vertically in a six-port cross pumped by a 6-in diffusion pump. A molecular

beam is formed from a small leak in a glass tube connected to a sample reservoir. The
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sample beam expands into the acceleration region of the TOF and a laser beam

perpendicular to both the jet and flight tube ionizes the sample.

The ionization source is a frequency quadrupled Nd:YAG laser (GCR-3, Spectra-
Physics, CA) which generates 266 nm radiation with a 7-ns pulse width. The laser is
operated at 10 Hz repetition rate. A cylindrical lens is used to focus the laser beam to
the mass spectrometer. The focal point is located about 30 mm away from the center of
the repeller plate to avoid local excess ionization. A set of neutral density filters
(Reynard Enterprises Inc., CA) is used to vary the laser power to study the relationship
between ion intensity and laser power. All mass spectra are obtained with signal

averaging over 200 laser pulses.

Chemicals were purchased from Aldrich Chemical Co., Milwaukee, WI and used

without further purification.

3.3 Results and Discussion

Soft and Hard Ionization: Tables 3.1-3.3 show the MPI mass spectra of
substituted PAHs and alkyl-substituted anilines and phenols. Only the major fragments
are listed. Similar peaks in the sets of isomers less than 30% intensity of the base peak
are not reported in the tables for clarity reasons. To compare the fragmentation patterns
among these molecules, the laser power density is adjusted such that the most intense
peak in the low-mass region (m/z < 100) has the same intensity as the most intense
peak in the high-mass region (in most instances this is the molecular ion peak). In all
cases studied the molecular ion can be obtained without any fragmentation at low laser

power. When the laser power is increased, extensive fragment ions are generated.
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To compare isomer discrimination by MPI and EI based on the mass fragmentation
patterns, we first examine the capability of MPI and EI for obtaining soft and hard
ionization mass spectra for substituted aromatic molecules. As an example, Figure 3.1
shows the mass spectra of 2-ethylphenol as a function of ionization laser power density
to illustrate the effect of laser power on the mass spectrum fragmentation r :tern. The
electron impact mass spectra of the same compound are shown in Figure 3.2. The
signal intensity axes in Figures 3.1 and 3.2 are plotted as an actual scale (absolute
intensity), rather than in a normalized percentage scale. As Figure 3.1 shows, the
overall signal intensity decreases when the laser power is reduced. However, the
intensity of the base peak (m/z = 122) does not change significantly when the
ionization mode is changed from soft (Figure 3.1B) to hard (Figure 3.1C and 3.1D). In
EI, the overall signal intensity is also reduced when the EI beam intensity is decreased,
but at a much higher rate. The base peak (m/z = 122) in the soft ionization mass
spectrum (Figure 3.2A) is 15 times less intense than the base peak (m/z = 107) in the
hard ionization mass spectrum (Figure 3.2C). It should be noted that a high intensity
fragment at m/z 107 is obtained along with the molecular ion peak in the EI mass
spectrum even at very low electron beam intensity, as shown in Figure 3.2A. However,
the MPI mass spectrum shows a molecular peak without any fragmentation at low laser
power density (Figure 3.1A). These results suggest that (1) MPI can be used to obtain
a soft ionization mass spectrum more readily than EI for this compound and (2) with
MPI soft ionization can be obtained without significantly affecting the overall
sensitivity, while the sensitivity is reduced significantly for EI soft ionization. Clearly,
both EI and MPI soft ionization cannot be used for isomer discrimination due to the

lack of fragmentation.
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Figure 3.1 Mass spectra of 2-ethylphenol obtained by multiphoton ionization at 266
nm. The ionization laser power density was (A) 1x106 W/em?2 and (B)
4x106 W/cm2. The number such as 46/0 in (A) indicates the actual
readings from the laser power panel for the oscillator (46 mJ/pulse at 1064
nm) and amplifer (O mJ/pulse) from the Nd: YAG laser.
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However, as Figure 3.1 illustrates, MPI can generate extensive fragmentation not only
in the high-mass region but also in the low-mass region (m/z < 100). Highly intense
peaks corresponding to H*, C* and CH* are observed at very high laser power
density. This is different from the EI technique. As illustrated in Figure 3.2, even
when the electron beam intensity is at 200 eV, the peak intensities of most fragments in
the low-mass region are less than 5% of the base peak. In fact, when the electron beam
intensity is increased above 70 eV, no significant increase in the intensities of the
smaller fragments are found. Note that because resonant enhanced MPI is a very
selective ionization method, background molecules such as pump oil and certain
solvents do not jonize. Therefore, the MPI mass spectrum in the low-mass region is
extremely reliable for the interpretation of molecular structure. Obtaining highly
intense low-mass fragments is particularly important for isomer discrimination.
However, the results shown in Tables 3.1-3.3 indicate that some isomer pairs (i.e. all
substituted PAHs) have almost the same mass fragmentation patterns, whereas other
isomer pairs (i.e. isobutylphenols) have different patterns in the low-mass region. This

difference may be explained by examining the fragmentation process.

Isomerization and Fragmentation: For the generation of small fragments with
MPI, there are at least two cases to be considered, depending on the rates of
isomerization and fragmentation [66,68]. In the first case, the fragmentation process is
faster than isomerization. The lack of isomerization allows one to identify the isomers
based on the structure specific mass fragmentation patterns generated from different
isomers. In the second case, isomerization of the parent ions precedes fragmentation.
That is, immediately after being generated by the laser in the ionization region of the
TOFMS, parent ions from isomers rearrange into some precursors. These then

dissociate into small fragments either by the excess internal energy gained from the
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initial ionization process or by the absorption of additional photons. If the precursors
have a common structure, then the MPI mass spectra of the isomers will be
indistinguishable. However, if the precursors have different structures, then the mass
spectra generated from isomeric pairs may differ from each other. Consequently one
may discriminate these isomers based on their mass spectra. This interesting result is

examined more closely below.

In the first case, isomeric pairs are ionized and fragmented without random
isomerization on the time scale (less than 10 ns) of interaction between molecules and
the laser beam. This is the case for the isomeric n-buty! and isobutyl iodides (C4HgI)
studied by Bernstein [65] and Neusser and Schlag [66]. They have shown that although
the EI mass spectra for these two compounds are almost the same, thz MPI mass
spectra are different. It is believed that during the MPI process a larger amount of
energy with a narrower energy distribution can be deposited in an ion than in the case

of EI excitation.

In the second case, isomerization of the parent ion takes place before fragmentation
during the MPI process. Studies of MPI mass spectra of polycyclic aromatic
hydrocarbons (PAHs) show that isomers of PAHs give almost identical fragmentation
patterns [33]. We have studied several pairs of substituted PAH isomers (see Table
3.1) at various conditions. In our system, samples can be introduced into the TOFMS
by laser desorption [1,11], fast atom bombardment (see chapter 4) [17], pulsed rapid
heating (see chapter 5) [18], or directing heating with or without a supersonic jet. We
found that the MPI mass spectra for the above mentioned isomers were the same no
matter what sample volatilization technique was used and whether or not the supersonic

jet technique was employed. An example is given in Figures 3.3 and 3.4 for the soft
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and hard ionization mass spectra of amino-group substituted anthracenes. As Figures
3.3 and 3.4 show, the MPI mass spectra of 1-aminoanthracene and 9-aminoanthracene
are almost the same. The reason for obtaining almost identical mass spectra for these
isomer pairs is believed to be that isomerization of the parent ions into a common

structure takes place prior to fragmentation in the same manner as in the cases of

unsubstituted PAHs [33,69].

Now, if the precursors generated by isomerization from isomer pairs are structurally
different, then isomer identification may become possible. The precursors can be the
%ons -vith the same mass as the parent ions. The precursors can also be intermediate
magment ions which are generated from the molecular ions with the loss of
neutral/radical species either during the isomerization process or prior to the
isomerization process. Figure 3.5 shows the MPI mass spectra of one isomeric pair: 2-
isopropylphenol and 4-isopropylphenol. The EI mass spectra for the same compounds
are shown in Figure 3.6. Figures 3.5 and 3.6 illustrate that, unlike EI, MPI is capable of
generating a large number of small fragments. The EI mass spectra for these two pairs
of isomers are very similar. However, the MPI mass spectra for these isomers are
different. We believe that different isomeric precursors (see below) are produced
during the MPI and EI process from these ortho and para alkyl-substituted phenols and
anilines. Due to the lack of high-intensity small fragments from the precursors in the
EI mass spectra, it is difficult to reveal the structure difference between these isomeric
precursors. However, in MP], the large number of small fragments with relatively high
intensities can provide sufficient difference in the mass fragmentation pattern to permit

the distinction of isomeric molecules.
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Fragmentation of Anilines and Phenols: Scheme 3.1 shows the ionization
processes for the generation of tropyliums fro.m alkyl-substituted anilines and phenols.
Here we propose that tropylium is the precursor for further fragmentation. In our study,
the formation of tropylium can be used to account for the mass spectral differences
between some isomeric pairs. As Scheme 3.1 shows, if Y is a hydrogen such as in the
cases of methyl-, ethyl-, propyl-, and butyl-substituted anilines and phenols, then the
structures of the three tropyliums (A,B,C in Scheme 3.1) are the same. Consequently,
the mass spectra in the low-mass region for ortho, meta, para alkyl-substituted phenols
or anilines would be the same. Indeed, the mass fragmentation patterns for these
isomeric pairs shown in Table 3.2 and 3.3 are almost the same. Now, if Y is an alkyl
group such as a methyl- or ethyl- group, then one should expect that isomeric
tropyliums have different structures. Thus the fragments from these isomeric
tropyliums may be different in terms of relative intensity and/or type of fragments.
This is the case for isopropyl phenols (see Figure 3.5), isopropy! anilines, and sec-buty!
phenols shown in Table 3.2 and 3.3. The mass fragmentation pattern for these isomeric

pairs are different.

Scheme 3.2 illustrates the proposed fragmentation processes of 4-isopropylphenol after
it absorbs two or more laser photons. The number of photons involved in the
generation of a particular ion can be found by studying the relationship between the ion
signal intensity and the laser power [70-72]. The molecular ion (m/z = 136) is
generated from a two-photon process. Although the ionization potential (IP) for 4-
isopropylphenol is unknown, it is reasonable to assume that this molecule's IP is close
to that of p-cresol (IP = 8.92 eV) [12] due to their structural similarity. Thus, it is not
surprising that the molecular ion is generated by resonant two-photon ionization

process at 266 nm (two photon energy = 9.2 eV). The peak at m/z 121 is generated
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from the molecular ion by absorbing one additional photon. This indicates that the
appearance energy of this species is in between 9.2 to 13.8 eV. The fragment ions at
m/z 91 and 77 are generated from a four-photon process. Major fragments from the
five-photon process incluue ions at m/z 65, 51 and 39. The peak at m/z 27 is from a
six-photon process. By replacing the hydrogen in the OH group of 4-isopropylphenol
with deuterium, it is found that the m/z 121 peak shows the deuterium effect while
smaller fragments such as m/z 77, 51, 39, etc. remain the same. Thus it is believed that
the hydrogen atom from the OH group does not rearrange to the benzene ring and the

smaller fragments do not contain the OH group.

Power dependence of the fragments and the deuterium effect are also studied for 2-
isopropylphenol and the same results as that for 4-isopropylphenol are obtained. Thus,
the isomer pair of isopropylphenol may have similar fragmentation pathways. Since
the structures of the tropyliums for these two isomers are different, the generation of
smaller fragments from the tropylium is also different. As Figure 3.5 shows, the ratio
of the intensities of the peaks at m/z 37 and 39 to those of m/z 50 and 51 is significantly
different for 2-isopropylphenol and 4-isopropylphenol. Although the relative intensity
of the molecular ion peak (m/z 136) and M-15 peak can be changed by varying the
ionization laser power density, the peaks at m/z 37 and 39 are always more intense than
the peak at m/z 50 and 51 for 4-isopropylphenol and less intense than m/z 51 for 2-
isopropylphenol. Thus, based on the relative intensity of peaks at m/z 37 and 39 and
m/z 50 and 51, we can differentiate these two isomers. Note that the mass
fragmentation pattern for 3-isopropylphenol (see Table 3.3) appears to be a
combination of the patterns of 2- and 4-isopropylphenol. This supports our assumption

that tropylium may be the intermediate precursor for further fragmentation. However,
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more studies including the use of 13¢C 1abeled compounds are needed to conclusively

elucidate the fragmentation processes.

3.4 Conclusion

From studies of the MPI and EI mass spectra of positional aromatic isomers, we can

conclude the following points:

1

)

Soft ionization can readily be obtained with MPI at low laser power density for
the above mentioned positional isomers. Although the base peak intensity
generally increases when the laser power increases, the change is not very
significant. Although the EI technique can also produce relatively soft ionization
conditions, the intensity of the base peak is reduced significantly when the

electron beam intensity is reduced from 70 to 15 eV.

MPI can generate extensive fragmentation for structural analysis. Compared with
EI, MPI is capable of producing fragment ions in the low-mass region with much
higher intensity. These fragments are found to be valuable for isomer
discrimination. We show that some isomeric pairs of alkyl-substituted anilines
and phenols can be differentiated based on differences in the fragmentation
patterns in the low-mass region. Although the type of fragments generated by EI
and MPI appear to be similar because both produce molecular radical cations
(M*), the difficulty in generating a sufficient number of small fragments by EI
limits its use for revealing the small structural differences present in isomeric

pairs.
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(3) For the positional isomers studied in our experimental setup, isomerization of the

@

ring structure may occur during the fragmentation process. This isomerization is
either from the parent ion itself or some fragment from the parent ion with the loss
of all or part of the substituted group. For most positional isomers, the
isomerization process generates a common precursor for further fragmentation,
resulting in the same fragmentation pattern. Thus it is difficult to discriminate the
isomers based on the mass fragmentation pattern. However, if the aromatic ring
isomerization process produces a different precursors from the isomer pair, then it
is possible to use MPI to discriminate the isomers based on the mass

fragmentation patterns in the low-mass region.

Fragmentation processes of alkyl-substituted anilines and phenols are based on
the number of photons involved during the generation of fragment ions and the
isotope effect. Tropyliums are proposed as intermediate fragments. Positional
isomers of linear-alkyl substituted anilines and phenols generate the same
tropylium structure. Because these compounds have the same fragmentation
pattern in the low-mass region, it is difficult to discriminate these isomers.
However, the aromatic ring isomerization of some positional isomers such as
isopropylaniline generates structurally different tropyliums from the isomeric pair.
The fragmentation of the iropyliums results in different patterns in the low-mass

region. Thus isomers can be differentiated in this case.
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Chapter 4

Pulsed Fast Atom Bombardment Sample Desorption
with Multiphoton Ionization in a Supersonic Jet / Reflectron
Time-of-Flight Mass Spectrometer

4.1 Introduction

A two-dimensional detection scheme based on jet-cooled R2PI wavelength (optical)
spectra and multiphoton ionization (MPI) mass spectra can provide a powerful means
of molecular identification and structural analysis with high sensitivity and selectivity,
as already discussed i chapter 1. However, in the past MPI and supersonic jet (SJ)
spectroscopy were generally used for probing gas phase molecules, hence studies were
limited to volatile molecules. In order to extend these two techniques to the study of
thermally labile biochemicals, a method for desorption/vaporization without thermal
decomposition is required. Among the many techniques, laser desorption (LD) has
been successfully used to entrain biological molecules into jet expansions [15,16]. In
LD, a pulsed laser G.e. CO3 las 1} i: ased to desorb molecules from a substrate placed
close to the supersonic nozzic ~-«#iZe. The molecules are then entrained into a pulsed
supersonic jet and .:arried into a time-of-flight mass spectrometer (TOFMS) where the
ionization takes place. The LD/SIJMPI technique has been used for the study of
biological molecules [1,11] such as catecholamines, indoleamines and their

metabolites, drugs, amino acids, small peptides, and nucleosides.

In this chapter an alternative method is described for introducing thermally labile and

nonvolatile molecules into supersonic jet expansions. The technique used herein is fast
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atom bombardment (FAB) {73]. Instead of using photons from a high-power laser, we
have used a FAB gun to generate fast atoms to desorb sample molecules. We
demonstrate here that, as in LD, small biological molecules can be readily desorbed and
entrained into a supersonic jet without significant thermal decomposition by using
FAB. However, one of the advantages of this FAB method is that the FAB gun can be

easily constructed and maintained at a small fraction of the cost of the desorption laser

used in the LD method.

Although one may directly combine FAB with MPI post ionization without the use of a
supersonic jet, there are several advantages to the use of a supersonic jet for sample
delivery. One of the important advantages is that it provides a means to cool the gas-
phase molecules [41] so that a high resolution jet-cooled wavelength (optical) spectrum
can be obtained. The rapid cooling of molecules also prevents gas-phase biological
molecules from thermal! decomposition before they ére ionized [29]. Another
advantage is that the desorption region in which gas-phase molecules are generated can
be spatially separated from the ionization region. This is particularly important for the
FAB experiment described here. In the FAB method, glycerol or other liquid matrices
are often used for sample deposition on a substrate for the desorption [73]. If the
sample along with the matrix is directly placed between the high voltage repeller plate
and extracting grid in a TOFMS, the matrix may cause some problems such as arcing
[74,75]. A design by Cotter using a grounded source, called pulsed extraction TOFMS,
can eliminate these problems and has been successfully used for biological molecule
detection and for the study of the desorption mechanism [74]. However, if the
desorption and post ionization are performed in the same extraction region, then the
ions directly formed from the desorption process may interfere with the ions generated

from the nectrals. This is especially true if a high flux ion or FAB gun is used in order
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to generate enough sample vapor for obtaining a whole mass spectrum from one pulse.

Hence, in this work the desorption and ionization are separated in space and time.

In this chapter, the experimental setup for the FAB/SIJMPI technique is described. The
capabilities of this method for the detection of thermally labile and nonvolatile
molecules are examined. In addition, the analytical power of this technique is
demonstrated by studying sensitivity and selectivity. The ability of this technique for
the selective detection of the active substance in a drug tablet is also demonstrated.
Finally, the effect of sample chemical properties on the desorption and ionization

processes is discussed.

4.2 Experimental

The experimental setup for fast atom bombardment/supersonic jet multiphoton
ionization (FAB/SJMPI) is discussed in section 1.7. In brief, it consists of an angular
reflectron time-of-flight mass spectrometer [17-21,58], a pulsed nozzle, a pulsed

saddle-field FAB gun [76,77], and 266 nm laser ionization.

A saddle-field FAB gun is so constructed that it can fit into the test chamber through a
2" flange and placed close to the nozzle orifice. The distance between the "AB gun
outlet and the nozzle orifice is about 40 mm. The distance between the FAB gun and
the center axis of the jet is also about 40 mm. A 5 mm or 10 mm-in-diameter sample
probe made of machinable Macor ceramic is located at about 20 mm away from the
center axis of the jet. About 100 pg sample is generally used and placed on the sample
probe directly by either wetting or dissolving the compound in a solvent (i.e. methanol)
and coating on the surface with the use of a spatula. Although glycerol can be used as a

matrix, we have found that in this study sample desorption can be performed and mass

-61-



spectra obtainable over a short period of time (more than 100 pulses) without the use of

glycerol. Thus, for the compounds studied herein, glycerol was not used.

Argon or xenon is used in the saddle-field discharge for the FAB gun. The anode
potential is fixed at 10 kV and, by adjusting the pressure in the gun, the discharge
current varies from 1 to 5 mA. We have found that for chemicals with a high melting
point it is necessary to use a higher discharge current in order to desorb a sizable
amount of neutrals for laser post desorption ionization. The size of the FAB beam is
approximately 1.5 mm in diameter as determined by examining the dark image created
on thermal-sensitive paper after the paper has been biiefly exposed to the FAB beam.
The high voltage power supply for the FAB gun, a Spci:man Model RHSR15PN60, can

be operated in a continuous mode or a pulsed mode using an external trigger system.

The actual sequence of events is controlled by several delay generaiors. The FAB gun
is first turned on to desorb the sample, the pulsed nozzle opens to form a supersonic jet,
and then the sample is entrained into the jet and carried into the ionization region of the
TOFMS. The selection of the experimental repetition rate (0.1-20 Hz) is mainly
dependent on the pulse width of the FAB power supply. For most of the compounds
reported herein, the pulse width is adjusted to be 300 ms with a 100-ps rise-time and

100-us fall-time. Thus the repetition rate of the experiment is optimized at 3 Hz.

One of the parameters which we have not optimized for the current system is the duty
cycle. There are several factors affecting the overall duty cycle. With a TOFMS, the
ion detection duty cycle is very high since all ions can be detected in one single pulse.
However, the duty cycle for the generation of ions is dependent on the pulse widths and

repetition rates of the FAB desorption and the ionization laser beam. I: also depends on
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the pulse profile of the neutral molecules desorbed by FAB. One of the major factors
limiting the auty cycle of our current system is the pulse width (-~ 300 ms) of the FAB
gun. To study the feasibility for the generation of a short pulsed neutral beam from the
saddle-field FAB gun, we constructed a pulsed power supply which can generate a 10
kV pulse with a 10-ps pulse width and 5-ys fall and rise time to drive the FAB gun. In
a double-sector MS, this FAB gun is used to desorb CsI and an ion signal profile is
obtained by monitoring the signal intensity of Cs*. We have found that the ion signal
profile is almost exactly the same as the pulse shape of the voltage applied to the gun.
However, we have found that this power supply with pulse peak current less than 1 mA
is unable to generate enough power to drive the FAB gun tu desorb enough neutrals for
MPI/SJS experiments. Design and construction of a high power, short-pulsed power
supply is planned. Nevertheless, this result demonstrates that a short (< 20 ps) pulsed
FAB beam can be obtained with a saddle-field FAB gun. Thus it seems possible to
obtain a short pulsed neutral beam to desorb molecules from insulators such as
polymers withcut charge build-up on the surface, which is believed to be a problem

generally found in ion beam desorption experiments [78].

All chemicals were purchased from Sigma Chemical Co., St. Louis, MO or Aldrich

Chemical Co., Milwaukee, WI and used without further purification.

4.3 Results and Discussion

The mass spectra of tryptophan obtained by using fast atom bombardment sample
desorption with multiphoton ionization at different laser power densities are shown in
Figure 4.1. Tryptophan is known to be thermally labile [79]. However, Figure 4.1
demonstrates that a molecular ion peak can be readily obtained with no thermai

decomposition products. Although the actual mechanism for the generaticr: of neutrals
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Figure 4.1
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is not completely understood, the rapid heating/sputtering induced by FAB can be used
to introduce thermally labile biologicui vaolecules into a supersonic jet for multiphoton
ionization. Other molecules, including amino acids, carboxylic acids, catecholamines,
neuroleptic drugs, pineal indoles, small pepticz- and polycyclic aromatic hydrocarbons
(PAHs), studied by this technique are shown in Table 4.1. In these experiments,
sample molecules are desorbed by a pulsed FAB beam in a 1.5 mm diaineter spot and
post desorption ionization is performed with a 266 nm laser beam. The pulsed power
supply for the FAB gun is adjusted so that the potential is 10 kV and the discharge
current ranges from 1 to 5 mA. Although the actual power density of fast atoms
impinging on the sample probe is unknown, we believe that the atom flux is very
intense ( > 10 uA/cmZ) [77]. As Figure 4.1 illustrates, the molecular ion, with no or
little fragmentation, can be observed if the ionizing laser power is low. When the laser
power density is increased, a mass spectrum with fragment ions can be obtained, which
can : . used for structural analysis. This important feature of MPI is also observed for
most of the other compounds studied herein. Nc: that the axis of signal intensity in
Figure 4.1 is plotted as an actual scale in mV, rather than as a normalized percentage
scale. This shows that the overall signal intensity decreases when the laser power is

reduced, a common characteristics of MPI.

Another key result is that, as shown in Table 4.1, PAHs can readily be studied by
FAB/SIMPI. Figure 4.2 shows the MPI mass spectrum of rubrene (MW 532; mp >
315°7) obtained by using about 100 pg sample with FAB desorption sample
introduction. The ionization laser cower density is about 1x106 W/cm2 at 266 nm.
Since the mass resolution is generally above 2000, the isotope composition can be
easily revealed (see the insert in Figurs 4.2). The peak at m/z 455 is the fragment from

the molecular ion minus one benzene radical (M-77)*. The fragmeni ion peak at m/z
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Table 4.1

Compounds Studied by the Fast Atom Bombardment/

Supersonic Jet Multiphoton Ionization Technique

1.

Amino acids:

(1) Phenylalanine
(2) Tryptophan
(3) Tyrosine

Carboxylic acids:

(1) Anthranilic acid

(2) 3-Amino-4-hydroxybenzoic
acid

(3) Indole-3-acetic acid

Catecholamines:
(1) Dopa

(2) Dopamine
(3) Synephrine

Neuroleptic drugs:
(1) Chlorpromazine
(2) Desipramine
(3) Imipramine

Pineal indoles:
(1) Hermaline
(2) Melatonin
(3) Tryptamine

-,
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6. Peptides:

(1) Trp-Ala

(2) Trp-Gly

(3) Trp-Leu

(4) Gly-Trp

(5) Tyr-Ala

(6) Tyr-Gly

(7) Tyr-Leu

(8) Phe-Gly

(9) Trp-Gly-Gly
(10) CBZ-Gly-Leu
(11) CBZ-Ala-Gly
(12 Gly-Tyr-amide

7. PAHs:

(1) 2-Aminoanthracene
(2) 9-Aminophenanthrene
(3) Benzo[e]pyrene

(4) Carbazole

(§) 2-Chloro:-~ithracene
(6) Chrysene

(7) Decacyclene

(8) Perylene

(9) Rub =ne

(10) Triphenylene
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Figure 4.2  Mass spectrum of rubrene (MW 532) obtained by FAB/SIMPI at 266 nm.
The laser ionization power density was ~ 1x10 W/cm2. The molecular

ion region is shown in the insert.
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377 arises from the molecular ion by the loss of two benzene radicals with one H
migration (M-154+H)*. Note that due to the nonpolar nature ¢f PAHs, their mass
spectra are extremely difficult to obtain by direct FAB ionization [80]. Combined with
HPLC (for instance, via a continuous-flow FAB probe [81]), this technique seems to be
a promising method for the detection of high molecular weight or thermally labile

PAHs, which are not currently amenable to GC/MS or direct FAB.

Table 4.1 also lists some dipeptides we have studied with the FAB/SIMPI technique.
These peptides were also examined by laser desorption/supersonic jet MPI
(LD/SIMPI). The LD/SIMPI study was carried out with a pulsed CO5 laser (Allmark
model 852, A-B lasers Inc., Acton, MA) which generates 10.6 um IR radiation with a
75-ns initial pulse and 2-ps tailing. The repetition rate of the laser can be adjusted from
0.1 Hz to 15 Hz, although 10 Hz rep-rate is used here. In LD/SIMPI, the FAB gun is
replaced by a 1-cm diameter NaCl window in a 2" flange. The IR beam from the CO;
laser is reflected by copper mirrors protected with gold coating (CVI Laser Corp.,
Albuquerque, NM) and focused on the sample probe by a germanium plano convex

lens (Janos Technology Inc., Townshend, VT).

Figure 4.3 shows the mass spectra of Gly-Trp obtained by FAB/SIMPI (Figure 4.3A)
and by LD/SJMPI (Figure 4.3B) along with proposed fragmentation patterns.
Interestingly, for some of the dipeptides studied by FAB/SIMPI, as the example shown
in Figure 4.3A, the molecular ion peak (M*:) is rather small (generally < 20%), but the
ion peak at 18 rnass units lower (M-18) is the dominant ion in the mass spectrum. Note
that small peptides have been previously studied by LD/SIMPI [11,45,60,82,83] and, in
some cases, \* 2 M-18 peak was also found to be the dominant one (see chapter 6). The

M-18 peak was carefully examined [82] and believed to be from the thermal
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Figure 4.3
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decomposition product, i.e. cyclodipeptide, during the ‘aser desorption process. This
study shows that generation of the M-18 peak is not unique to the IR laser desorption
experiment and suggests that the cyclodipeptide is not generated by the IR laser photo
dissoci.ation process. However, in LD/SIMPI, the M-18 peak can often be reduced by
using a thin sample film and avoiding multiple desorption in the same sample spot [82].
Here, we have found that it is generally more difficult to avoid the M-18 peak in
FAB/LDMPI. This probably can be attributed to the fact that the FAB pulse width or
the sputtering time (~ 300 ms) in our current system is much longer :han the CO3 laser
beam pulse (< 2 ps). Thus, in our current FAB/SIMPI experiments, the thermal
decomposition process may compete with the desorption process for some compounds
such as dipeptides [84]. Nevertheless, for most compounds listed in Table 4.1, MPI

mass spectra from LD and FAB experiments are essentially the same.

Next we have studied the sensitivity of this FAB/SIMPI inethod. In the past several
years, direct desorption mass spectrometry techniques such as LDMS, FABMS, plasma
desorption (PD), and secondary ion mass spectrometry (SIMS) have been widely used
for the analysis of organic molecules. However, it is believed that the secondary ions
generated by these techniques are only a very small fraction (< 10-4) of the total
sputtered material [85]. Thus electron ioni-ation [75], chemical ionization [85-87], and
multiphoton ionizatici. [34,46,47,88,89] techriques have been empioyed to post ionize
the sputtered neutrals in order to increase the overall sensiti<’ty. To provide an
estimate of the sensitivity of this FAB/SIMPI method, a set of standard sample
solutions were prepared. Various amounts of sample solution were placed on the 5-
mm-diameter sample probe by using a niicroliter syringe. A higher power was applied
to the FAB gun in order to completci- desorb the sample in a single pulse. The peak

height of the molecular ion peak was recorded and a corresponding plot of the peak
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height versus concentration was used to estimate the lower limit of detection. The
detection limits at a signal-to-noise ratio of 2 for indole-3-acetic acid (m/z = 175) and
triphenylene (m/z = 228) are 26 ng and 21 ng, respectively. Although the detection
limits shown here are not nearly as low as the tens of picogram detection limit achieved
with LD/SJMPI [59], we believe that a similar detection limit (picogram regime)
should be expected when the ionization laser wavelength and supersonic jet cooling are

fully optimized.

One of the important aspects of using MPI as an ionization technique for mass
spectrometry is its high selectivity. With multiphoton ionization in a supersonic jet,
there are at least two ways to improve the selectivity. First of all, a molecule will be
efficiently ionized only if the laser wavelength is in resonance with a real intermediate
electronic state and the sum of the energy of the photons absorbed zxceeds the
ionization potential of the molecule. Therefore, MPI is an almost ideal ionization
method for the sputtered neutrals produced by FAB. This is because a matrix such as
glycerol, which is comrmonly used in FABMS, does not contribute to the background
noise since the glycerol cannot be ionized at 266 nm [16]. Figure 4.4A shows the MPI
mass spectrum of 4-acetamidophenol at 266 nm and Figure 4.4B shows the mass
spectrum of a Tylenol tablet. The tablet was purchased from a local drug store and
contains corn starch and other components according to the label. About 100 pg of a
ground-up tablet is mixed with a drop of methanol and the mixture directly placed onto
the sample probe. The FAB gun is used to desorb/sputter the sample, the gas-phase
neutrals are entrained into a CO; jet, and then the neutrals are ionized by 266 nm laser
light at a laser powe. of 1x106 W/cm2. As Figure 4.4 shows, the mass spectrum of the
Tylenol tablet is almost identical to that of 4-acetamidophenol. Other major

components such as corn starch are not ionized. This demonstrates that we can
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Figure 4.4  Mass spectra of (A) 4-acetamidophenol and (B) Tylenol obtained by using
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selectively icnize the active substance in pharmaceutical dosage forms with very little

sample preparation by using FAB/SIMPI.

Another method to enhance the selectivity of this technique is to combine supersonic
jet spectroscopy (SJS) with MPIMS. MPIMS combined with SJS has been shown to be
a very powerful analytical tool for isomer discrimination and isotope selective detection
[10,12,13,90]. More recently, jet-cooled wavelength spectra for biological molecules
have also been obtained with the use of laser desorption technique for sample
volatilization and the analytical applicability of SIS/MPIMS for th.: selective detection
of biological molecules has been studied [1]. Fast atom bombardment might be an
inexpensive and simple alternative for the volatilization and entrainment of thermally

labile and nonvolatile molecules into a supersonic jet.

We have also examined the cooling effect by examining the mass resolution in a linear
TOFMS [19,34]. In a linear TOFMS, the mass resolution is directly related to the
initial kinetic energy distribution of the sample molecules. The energy distribution will
be very broad if there is no cooling or only partial cooling for the molecules in the jet.
This poor cooling will result in low resolution. By running our system in a linear
TOFMS mode, we have found that the mass resolution of molecules such as indole-3-
acetic acid with FAB/SJMPI is about 375 at m/z 175. However, the background
molecules which are not cooled by the jet give a mass resolution of less than 200. Thus
we believe that jet cooling is obtained with the FAB sample entrainment into jet

expansions. However, at present, we do not know how coo! these molecules are.

Finally, the effect of sample chemical properties on molecular detection in a mixture is

examined. The spatial and temporal separation of desorption and ionization processes
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in this FAB/SIMPI allows one to uniquely study and control the two individual events.
Here we find that, for organic molecules, chemical properties of the sample may play a
very important role in the two processes. Figure 4.5 shows the MPI mass spectra of a
mixture of indole-3-acetic acid and tryptamine with and without the addition of NaOH
or NH4OH. Figure 4.5A is obtained by using a mixture of indole-3-acetic acid and
tryptamine in a 50% methanol / 50% water solvent. Figure 4.5B is the mass spectrum
for the same mixture but with the addition of NaOH until the pH > 12. In Figure 4.5 .
NH4OH was used to adjust the pH instead of NaOH. Note that the molecular ion pe
for indole-3-acetic acid in Figure 4.5B is absent and no peak corresponding to sodium
indole-3-acetate is obtained. The same results are obtained at even higher laser power
density although more fragmentation is observed, but no indole-3-acetic acid and / or
sodium indole-3-acetate peaks. This might be attributed to the low ionization
efficiency of sodium indole-3-acetate. Although the melting point of the organic salt,
i.e. sodium indole-3-acetate, is expected to be higher than the indole-3-acetic acid, the

desorption of the salt appears to be complete »v examining the sample probe after it has

been bombarded by FAB. The fact that = were observed from the possible
decomposition products (such as indole) to believe that rust of the sodium
indole-3-acetate molecules are desorbed intact. ..ote that direct FA. :..." been used for

determination of dissociation constants of weak acids in solution by Caprioli [91]. In
his study, sodium salts of a variety of organic acids have also been dzsorbed intact and
detected as (NaA+H)* and (NaA+Na)*. In addition, the electronic absorption
(checked by UV spectra in solution) for sodium indole-3-acetate and indole-3-acetic
acid do not differ significantly in terms of ab. rption bands and absorptivity. These
results indicate that sodium indole-3-acetate may not be ionized efficiently by MPI due
to its low ionization cross section at 266 nm in the gas phase. To our best knowledge,

there is no report on MPI studies of organic salts involving metal cations in th
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Figure 4.5 MPI mass spectra of a mixture at 266 nm obtained by FAB/SIMPI: (A)
tryptamine (MW = 160) and indole-3-acetic acid (MW = 175) (P ~ 4x 106
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phase (possibly because most organic salts are unstable upon heating). Now in the case
of the ammonium salt, the salt may decompose into indole-3-acetic acid and NH3
during the FAB desorption process. Similar results are also obtained with other organic
acids such as biphenyl phosphoric acid. For analytical applications, this preliminary
study indicates that (1) the selective detection of molecules of interest can sometimes
be achieved by using simple sample preparation and (2) in the cases where the pH is

important, such as buffered biological chemical samples and organic acids, NH4OH is

a better choice for adjusting the pH.

4.4 Conclusion

Fast atom bombardment is a powerful means of desorbing thermally labile biological
molecules into the gas phase for analysis by multiphoton ionization mass spectrometry.
A variety of biological molecules can be desorbed without significant thermal
decomposition. Polycyclic aromatic hydrocarbons can also be studied. At present, the
detection limit achieved is typically in the low nanogram regime. The selectivity of
this method has also been studied. We have shown that it is possible to use this
technique to selectively ionize the active substance in a drug tablet with no sample
preparation. We demonstrate that FAB can be used to introduce samples into
supersonic jet expansions without affecting the jet cooling. In addition, we have shown
that tryptamine can be selectively desorbed from a mixture of indole-3-acetic acid and

tryptamine by adding NaOH to the mixture.
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Chapter 5§

Pulsed Rapid Heating Method for
Volatilization of Biological Molecules in
Multiphoton Ionization Mass Spectrometry

Part I: Pulsed Rapid Heating for Sample Vaporization

5.1 Introduction

Multiphoton ionization (MPI) mass spectrometry in combination with supersonic jet
spectroscopy (SJS) is a powerful technique for chemical analysis [1]. However, in the
past, both MPI mass spectrometry and SJS were limited to the study of volatile
molecules. In order to extend these two techniques for the study of thermally labile
biochemicals, a method for the vaporization of these molecules, without thermal
decomposition, must be developed. Thus, pulsed laser desorption (LD) [1,11] and,
more recently, fast atom bombardment (FAB) [17] [see chapter 4] have been

successfully used for the generation of neutrals from nonvolatile and thermally labile

molecules.

Although the mechanisms for the generation of ions and neutrals by LD and FAB are
not completely understood, there is some evidence which suggests that neutral
formation during LD and FAB can be described by a thermal heating model [92-97].
Thus, in the pulsed LD and FAB/MPI experiments, high energy particles are used to
deliver energy to the sample and/or sample substrate. This energy is transferred into
heat and vaporizes the molecules coated on the substrate. Clearly, a more

straightforward and simple method to volatilize the sample would be direct heating.
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However, for the generation of gas phase molecules from thermally labile molecules,
the heating rate (or the time taken for energy transfer to the sample molecules for
vaporization of intact molecules) is crucial. It is bclieved [84,98-105] that
vaporization, i.e. dissociation of intermolecular bonds, is favored when a high heating
rate is used and decomposition, i.e. dissociation of intramolecular bonds, is the
dominant process if the heating rate is low. For a given compound, the optimal heating
rate in favor of vaporization is currently difficult to measure, and is dependent upon
several factors including the sample property (i.e. melting point) and its preparation,

However, in general, thermal decomposition is minimized with rapid heating.

Friedman and coworkers [98-100] used a rapid sample heating method to vaporize
samples at a heating rate of 12 K/sec for electron impact mass spectrometry. Cotter and
Fenselau [101,102] have also used heating rates of > 10 K/sec by inserting a Vespel
sample probe directly into a hot ion source block to vaporize biochemicals. Daves and
coworkers [84,104,105] used flash desorption to produce gas phase molecules at a
heating rate of > 5000 K/sec. These direct heating techniques have been used for the

vaporization of biological molecules with some success.

Direct heating methods have several advantages that include (1) low cost (2) simplicity
and (3) safe operation compared with pulsed LD and FAB desorption/vaporization
techniques. However, one of the major disadvantages is that these methods cannot be
used to introduce the sample into the system continuously without re-applying new
sample to the probe. Thus, the efficiency and sensitivity of this system suffers.
Moreover, it is impossible to perform experiments such as supersonic jet spectroscopy,
which requires the sample to be introduced into the system in a continuous or pulsed

form for a period of time. Therefore, it is desirable to develop a rapid heating method
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with the capability of introducing samples into the system repetitively. It should be
noted that even if the sample is thermally stable upon heating, repetitive pulsed heating
of samples, compared with continuous heating, can enhance the sample utilization

efficiency for pulsed laser ionization in a TOFMS.

In this chapter a pulsed rapid heating method is described for volatilization of thermally
labile and nonvolatile molecules for SJ/MPI mass spectrometry. This technique uses a
heating probe which consists of an electrically heated plunger driven by a solenoid to
desorb the sample in less than 210 ps at a repetition rate of 10 Hz. In part I the design
of this heating device is described. Studies on the performance of this technique are
then presented. It is demonstrated that this method can be used to vaporize amino acids
and dipeptides for SJ/MPI mass specirometry The potential applications of this
technique for biological molecule detection arc discussed. In part II the contact time
between the samnple and the electrically heated plunger is varied. This allows for

studies on the heating nature of the desorption vs decomposition processes.

5.2 Experimental

The time-of-flight mass spectrometer setup has been described in section 1.7 [17-
21,58]. In brief, the system consists of an angular reflectron time-of-flight mass
spectrometer (R.M. Jordan Co., Grass Valley, CA) mounted vertically in a six-port
cross puriped by a 6-in diffusion pump (Varian Associates, Inc., Lexington, MA). A
pulsed nozzle (R.M. Jordan Co., Grass Valley, CA) with a 50-us pulse width is used to
form a supersonic jet. CO2 is used as the expansion gas throughout this work. The jet
expands into the acceleration region of the TOF and a laser beam perpendicular to both
the jet and flight tube ionizes the sample. No skimmer was used in this study. The 1-

meter-long flight tube is differentially pumped by a 4-in. diffusion pump (Varian
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Associates, Inc., Lexington, MA). The pressure in the flight tube is usually below

2x10-7 Torr and the pressure in the ionization region is < 10-6 Torr,

The ionization source is a frequency quadrupled Nd:YAG laser (GCR-3, Spectra-
Physics, CA) which generates 266 nm radiation with a 7-ns pulse width. The laser is
operated at 10 Hz repetition rate. A cylindrical lens is used to focus the laser beam to
the mass spectrometer. The focal point is located about 30 mm away from the center of

the repeller plate to avoid local excess ionization.

The design of the pulsed rapid heating device is shown in Figure 5.1, along with parts
of the experimental setup. The main components of the heating device are the
solenoid, the water cooling jacket, and the heated probe. A commercial solenoid (part
number: TP6X12; dimension: 1.5" in length, 0.75" in diameter; Guardian Electric,
Chicago, Illinois) is used, without any modification, to drive a 4.5" long stainless-steel
plunger. The diameter of the plunger is 2.5 mm. A steel base is connected to one end
of the plunger so that an electromagnetic force generated inside the solenoid is able to
drive the plunger. Two springs are used to hold the plunger so that it can move freely
for about 1 cm in a direction either forward to the sample probe or backward to the 1/4"
stainless steel rod. In this study, a 1.5-mm diameter thermocoax heating coil (Phillips
Electronic Instruments, Norcross, GA) is bent into a U-shape and soldered to the other
end of the plunger with the use of silver solder that melts at about 700°C (Americal
Platinum and Silver Engelhard Industries, Inc., Iselin, NJ; Brand name: Easy Flow 45).
The heating coil is directly used as the tip of the heating probe. The temperature of the
heating coil can be kept as high as 500°C, although it is usually held at 250°C for this
work. Because the solenoid cannot be operated at high temperatures, a water cooling

jacket (0.5" in length and 1" in diameter) constructed of copper is screwed into the
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solenoid to isolate the hot probe from the solenoid. We found that the solenoid and part
of the plunger remain at the same temperature as that of the cooling water even when
the probe is heated above 500°C. The electrical circuit of the power supply used for
driving this solenoid is the same as the one used for the solenoid nozzle [106]. This
power supply is triggered by a pulse from the Nd:YAG laser and is capable of
generating a 400 V pulse with a duration of ~ 35 pus. In this experiment, ~ 170 V pulse

is used to drive the solenoid.

The operational principles of this device for sample vaporization can be described as
follows. A 10-mm diameter stainless steel sample substrate coated with a sample is
inserted into the vacuum chamber and placed near the nozzle orifice. The heating
probe is also placed close to the nozzle orifice (see Figure 5.1) through a 2" diameter
flange. To ensure that the heating probe and the sample probe do not block the jet
expansion, aniline is introduced into the nozzle by mixing it with the CO2 expanding
gas. The molecular ion signal of aniline is monitored during the alignment of both
probes. Any signal decrease indicates that the beam is blocked. In this work, the
distance between the heating probe and the sample substrate is about 5 mm. When a
voltage is applied to the solenoid, the electroinagnetic force generated inside the
solenoid drives the plunger towards the sample probe; the heating probe makes contact
with the sample substrate and vaporization takes place. When the power for the
solenoid is turned off, the plunger will be pushed away from the sample substrate by
the spring. Because the contact time is very short (see below), the heating is a very
localized event, i.e. only the sample in the area in which the heating probc makes a
contact is vaporized. By attaching a piece of thermal paper on the sample substrate, we
found that the size of the dark spot generated on the paper by the heating probe is about

0.5 mm x 1 mm. By rotating the sample rod to expose a new sample spot to the heating
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probe, we can vaporize the sample continuously in a pulsed form in the same manner as
in pulsed LD and FAB. The temperature of the heating probe is kept at 250°C for all
the compounds studied herein. About 100 pg to 1 mg of sample is generally used and
placed onto the sample substrate by either wetting or dissolving the compound in
methanol and coating on the surface with the use of a spatula. The sensitivity of thc
system has not been fully optimized yet. However, the signal intensity of the molecular

ion peak in the mass spectrum for the compounds studied is normally more than 5 mV,

with a noise level less than 0.2 mV.

The actual sequence of events is controlled by several delay generators. The heating
probe is first turned on to vaporize the sample. After the probe returns to its original
position, the pulsed nozzle opens to form a supersonic jet, and then the sample is
entrained into the jet and carried into the ionization region of the TOFMS where the
ionization proceeds. The delay time between the triggering of the solenoid and the
opening of the nozzle is optimized to be about 350 ps. After this time delay, the

heating probe is fully retracted to its original position before jet expansion :akes place.

All chemicals were purchased from Sigma Chemical Co., St. Louis, MO, and used

without further purification.

5.3 Results and Discussion

It has been demonstrated that a heating rate in excess of 108 K/sec can be achieved
with laser desorption by using a pulsed CO? laser beam with a pulse width less than 10
Hs and a power density in the order of 104-106 W/cm2 [43,107]. With this heating
rate, thermal decomporition can generally be prevented for modest sized biochemicals.

One major objective of the design of this pulsed rapid heating method is to achieve a
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high heating rate. Thus, the first question here is, what is the heating rate for this rapid
heating method? Although the actual heating time is difficult to determine at present
due to a lack of knowledge about the heating process of this method, we have measured
the time duration in which th- heating probe makes a contact with the sample substrate.
This contact time should provide an indication of the heating rate. To measure the
contact time, the sample substrate is replaced with a stainless steel plate to which a 12-
volt DC is applied. The plate voltage is monitored by a LeCroy digital oscilloscope.
When the heating probe (grounded) makes a brief contact with the plate, the voltage is
reduced and a trace in a pulsed shape is recorded on the oscilloscope. Figure 5.2 shows
the result of this nieasurement when the solenoid power supply is triggered by the laser.
As Figure 5.2 indicates, the contact-time is about 210 us at FWHM, which is longer
thin the pulse width from the power supply (~ 35 pus). This indicates that it takes a
finite time for the plunger to be moved back and forth by the electromagnetic force and
the springs. In this study, the temperature of the heating probe is usually kept at 250°C,
thus the heating rate can be as high as 106 K/sec if we assume the heating time is
approximately the same as the contact time. Thus, the estimated heating rate obtained
by this pulsed rapid heating method is much higher than that reported for flash

desorption [84,104,105], although it is still lower than that achieved in LD [107].

The use of this method for vaporization of thermally labile biological molecules,
studied by using multiphoton ionization mass spectrometry, is illustrated in Figure 5.3.
Figure 5.3 shows the soft and hard ionization mass spectra of tryptophan at 266 nm
obtained by using this pulsed rapid heating method for sample vaporization. The MPI
mass spectra of tryptophan obtained by using the laser desorption sample introduction
technique are shown in Figure 5.4 for comparison. Although signal averaging can be

performed with this heating method, we find that the reproducibility of the mass
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spectral fragmentation pattern from pulse to pulse is excellent. Thus, all spectra are
recorded from a single pulse. However, similar to the FAB and LD/MPI experiments,
the signal intensity varies from pulse to pulse (+ 50 % error). We purchased a rotating
sample probe and are experimenting with various sample preparation methods in the
hopes of overcoming this intensity variation problem (see chapter 8 con.crning the

continuous flow probe).

It should be noted *hat tryptophan is known to be thermally labile and the MPI mass
spectrum of tryptophan obtained by conventional heating up to 245°C shows a base
peak at m/z 160, which is from the thermally decomposed product, i.e. tryptamine [79].
In this work, in order to demonstrate that it is essential to vaporize biochemicals with a
high heating rate to prevent thermal decomposition, we performed the following
experiment. Tryptophan is directly deposited onto a direct heating probe which is then
placed close to the nozzle. The probe is gradually heated up to ~ 250°C and a mass
spectrum is recorded. The MPI mass spectrum obtained is similar to that reported by
Levy eral. [79] except that the peak at m/z 117 from indole is the base peak along with
a strong peak at m/z 160 (tryptamine). The molecular ion peak of tryptophan is small
(< 5%). However, as Figures 5.3 and 5.4 show, the mass spectra obtained by LD and
this pulsed rapid heating method are essentially identical and no tryptamine or other
thermal decomposition products are detected. Note that even with the use of a very
high laser power density (1 x 107 W/cm2) for laser ionization, in which case the
sensitivity of the MPI technique is better than that under soft ionization conditions, no
thermal decomposition products are observed. Mass spectra of the other two aromatic
amino acids, tyrosine and phenylalanine, are also obtained with ease when using this

heating method for sample vaporization. Figure 5.5 shows the soft ionization mass
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spectra of tyrosine and phenylalanine. Note that strong molecular ion peaks are

obtained in each case and no thermally decomposed products are observed.

To investigate the applicability of this technique for the detection of even more fragile
molecules, we have studied more than 20 different dipeptides. Typical MPI mass
spectra are given in Figure 5.6. Figure 5.6 shows the soft and hard ionization mass
spectra of Ala-Tyr obtained by this rapid heating method for sample vaporization with
MPI at 266 nm. Presented in Figure 5.7 are the mass spectra of the same dipeptide
obtained by LD/MPI. Note that the mass fragmentation patterns shown in Figures 5.6
and 5.7 are almost the same. For all peptides studied, the molecular ion peak is
obtained along with a strong peak at M-18. This M-18 peak is generated from the
thermal decomposition product during the vaporization. It is also observed in LD and
FAB/MPI mass spectrometry [17,82,83]. The thermal decomposition product has been
identified in LD/MPI mass spectrometry as a cyclodipeptide {82]. This study provides
strong evidence that the generation of neutrals by LD and FAB can be partially
explained by the heating model. Moreover, this study, along with FAB/MPI [17],
shows that the generation of a M-18 peak is not unique to the LD experiment and
suggests that the cyclodipeptide is not generated by the IR laser photo-dissociation
process. For the peptides studied, the results obtained by LD or FAB and this method
are very similar. These preliminary studies indicate that this pulsed rapid heating
method can be a simple alternative for the vaporization of nonvolatile and thermally
labile molecules. However, work is needed to demonstrate its analytical applicability
for the detection of a wide range of biological molecules, in particular, high molecular

weight biochemicals.
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Figure 5.6  Soft and hard MPI mass spectra of Ala-Tyr obtained by using the pulsed rapid
heating method for sample vaporization with laser ionization at 266 nm. The

experimental parameters are the same as shown in Figure 5.3.
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5.4 Conclusion

A pulsed rapid heating method has been successfully developed for vaporization of
nonvolatile and thermally labile amino acids and dipeptides. This simple and
inexpensive method can be used for vaporization and entrainment of these molecules
into a supersonic jet expansion for MPI and SJS studies. This heating method should
also prove useful for other techniques which require the formation of neutral molecules.
One example is the gas phase UV-Visible absorption spectrophotometric studies of
biological molecules (see chapter 7) [22] . For mass spectrometry studies of
biochemicals, other ionization techniques such as EI and CI can also be developed for
the detection of neutrals generated by this pulsed heating technique. We are now in the
process of developing an EI source for our system. We are also exploring the
possibility of placing the heating probe directly in the ionization region of the TOFMS
for sample vaporization. Note that LD and ion beams have been developed for sample
vaporization in the acceleration region of a TOFMS, without the use of a supersonic jet,
with MPI post ionization. This has been used for the detection of biochemicals,
polycyclic aromatic hydrocarbons, and polymers [88,89,108-110]. However, in these
techniques the background due to the secondary ions generated in the desorption
process has to be corrected, either by subtracting the background spectrum from the
MPI mass spectrum or by using a reflector to reject the directly-desorbed ions in a
reflectron TOFMS [88,89,108,109]. On the other hand the PRH technique, presumably

generating neutrals for most organic compounds, will not require background

correction.
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Part II: Pulsed Rapid Heating for Studying Thermal Decomposition
vs Vaporization

5.5 Introduction

Sample introduction for nonvolatile and thermally labile molecules for SJS/MPI
generally requires vaporization, with no decomposition, for identification and
characterization purposes. As discussed in Part I, a pulsed technique is necessary since
this causes rapid heating in which molecules desorb into the gas phase before
decomposition occurs. Therefore, in order to prevent decomposition, heating has to be
quickly performed so as to cause a rapid temperature rise in a very short time frame. A
rapid heating rate [84,98-105] translates into fast eneigy deposition in order to
overcome the surface binding forces, yet at the same time not allowing enough time for

decomposition to occur due to the accumulation of internal energy.

In this work the effect of different heating rates, both slow and fast, are studied for the
desorption vs decomposition of thermally labile amino acids, namely tryptophan and
tyrosine. The technique involves the use of an electrically heated plunger driven by a
solenoid for sample volatilization, as already described in Part I. The contact time
between the heated probe tip and the sample substrate can be varied anywhere from
210 s to a few seconds. Thus, the current version of this PRH probe yields heating
rates from 100 K/s to 106 K/s. This allows for variable heating rates for studying

biomolecules. The experimental details are discussed in section 5.2.

5.6 Results and Discussion

It is worthwhile to first look at the mass spectra of thermally labile amino acids where
heating for sample volatilization is not rapid. In this method the amino acid sample is
coated on a wire, and the wire, in turn, is wrapped around a ceramic rod and placed at

the end of a direct insertion probe. The heating wire is separated from the rest of the
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probe by a copper jacket for water cooling, so as to prevent the vacuum sealant from
melting. The highest heating rate attainable by this method is ~ 5 K/s, which is quite
slow. Typical mass spectra from the direct heating of tryptophan and tyrosine are
shown in Figure 5.8 and the desorption and decomposition are depicted in Schemes 5.1
and 5.2. In the case of tryptophan a small molecular ion peak is seen (< 10%), along
with the base peak from a fragment ion (m/z 130). The presence of the thermally
decompose . oduct indole (m/z 117) is unavoidable. Two other decomposition
products, methyl indole (m/z 131) and tryptamine (m/z 160), are sometimes observed
as well, although their intensities are smaller than indole. In the case of tyrosine,
initial direct heating produces the molecular ion and a thermally decomposed product
(m/z 137). This is shown in the top mass spectrum of Figure 5.8B. Eventually, the
molecular ion decreases in intensity (~ 20%) and a fragment ion (m/z 107) becomes
the base peak. A peak at m/z 120 appears, and is a thermally decomposed product

with a probable structure shown in Scheme 5.2.

In order to minimize this decomposition from direct heating we next studied the effect
of rapid heating on sample introduction. Since the supersonic jet, laser ionization, and
TOF mass analysis are all performed in a pulsed manner, it makes sense to also
introduce the sample in a pulsed form. A pulsed rapid heating probe is used for this
purpose, whereby both the temperature and contact time (between the sample and the
heated probe tip) can be varied. In the first case the effect of temperature is studied,
while maintaining a constant contact time. This is shown in Figure 5.9 for tryptophan,
where the vertical axis represents the percentage of the molecular ion of the major
decomposed product, indole, relative to the molecular ion peak of tryptophan. Figure
5.10 is for tyrosine, where the major decomposed product is tyramine. For both amino

acids an increase in the temperature of the probe tip generally increases the intensity of
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Figure 5.8 Mass spectra resulting from the direct heating of (A) tryptophan and (B)

tyrosine (2 spectra shown) at a heating rate of ~ 5 K/s.
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Scheme 5.1  The vaporization and decomposition of tryptophan.
Vaporization results in the intact tryptophan gas phase
molecule, whereas decomposition produces various
decomposed species, some of which are shown in
the scheme.
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Scheme 5.2 The vaporization and decomposition of tyrosine.
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molecule, whereas decomposition produces various
decomposed species, some of which are shown in
the scheme.
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the decomposed products. For tryptophan this is the case when the contact time is >
30 ms, while for tyrosine it is > 40 ms. At a first glance this result seems rather
unusual, since an increase in temperature (at a fixed contact time) would result in an
increase in the heating rate, thus supposedly minimizing decomposition. However, it
is important to note that the increase in the heating rate is not dramatic. For instance,
at a fixed contact time of 676 ms for tryptophan, the heating rate increases from 900
K/s to 1250 K/s in Figure 5.9. Other decomposition products start to appear in the
mass spectra, as depicted in Schemes 5.1 and 5.2. In the tryptophan case, both
tryptamine and a cyclic dimer are generated, in addition to indole. In the tyrosine case,
p-methylphenol and a cyclic dimer can also be observed, in addition to tyramine.
Because decomposition has increased, the molecular ion intensity generally decreases.

Consequently, increasing the probe tip temperature in order to increase the heating rate

will not be effective.

It is interesting to note that in both Figures 5.9 and 5.10 decomposition can be avoided
across the entire temperature range if a very short contact time is used. Although
Figure 5.9 shows that a 210 pus contact time will work for tryptophan, a contact time of
< 10 ms is probably still sufficient. Similarly, a 30 ms contact time for tyrosine
produces no decomposition. Clearly, the contact time between the probe tip and

sample substrate plays an important role here and therefore is explored further.

Figure 5.11A illustrates the effect of different contact times between the heated probe
tip and tryptophan. Shown is the percent decomposition (indole/tryptophan x 100%)
vs contact time at an arbitrarily fixed temperature of 430°C. Virtually identical plots
also result in a working temperature range of 370-500°C. In this temperature range

decomposition starts to occur when the contact time is > 40 ms. In Figure 5.11B the
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Figure 5.11

Heating Rate (k/sec)

% Decomposition of tryptophan vs (A) contact time between the
heated probe tip and the sample and (B) heating rate. The %
decomposition is expressed as the percentage of the major decom-
posed product (indole m/z=117) divided by the intact molecular
ion (tryptophan m/z=204) in the mass spectrum. The temperature
is fixed at 430 C.



horizontal axis has been converted to heating rate (K/s). As Figure 5.11B shows, in
order to prevent decomposition a heating rate > 104 K/s is required. At this high rate
no decomposition products are observed in the mass spectrum. At slower heating rates
(< 104 K/s) decomposition occurs, and increases steadily as the heating rate becomes
lower. The presence of additional decomposed products, namely tryptamine and a
cyclic dimer, can be observed at slower heating rates. Eventually, the intensity of the
major decomposed products can exceed the intensity of tryptophan (i.e. > 100%).
Figure 5.12 shows the results for tyrosine. The decomposed product tyramine starts to

appear when the contact time is > 100 ms. Clearly, thermal lability is compound

dependent.

The exient of decomposition depends on both the temperature the sample surface
experiences and the time taken to transfer the heat energy (i.e. contact time). It is
reasonable 10 say, then, that the rate at which heat is deposited is an important factor
[84,98-105]. Shown in Figure 5.13 is the percent decomposition at various heating
rates for tryptophan. The temperature of the probe tip and the contact time are
simultaneously changed so as to maintain a fixed heating rate. For convenience
temperature is shown on the horizontal axis, although contact time could equally well
have been plotted. At the slowest heating rate shown (1000 K/s) decomposition is
always present, and increases steadily with an increase in both the temperature and
contact time (but always at a heating rate of 1000 K/s). At higher heating rates the
decomposition begins to decrease. For tryptophan 24 000 K/s is sufficient to eliminate
decomposition upto 450°C, but ~ 10% decomposition can still be seen beyond this
temperature. Therefore, a heating rate greater than 24 000 K/s is required to completely
eliminate decomposition across the entire working temperature range, which

corresponds to a contact time of ~ 30 ms. At the highest heating rate shown (300 000
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Figure 5.12 % Decomposition of tyrosine vs (A) contact time between the
heated probe tip and the sample and (B) heating rate. The %
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ion (tyrosine m/z=181) in the mass spectrum. The temperature is
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Figure 5.13 % Decomposition of tryptophan at constant heating rates. Both the
temperature and contact time are varied so as to maintain a constant
heating rate. The % decomposition is expressed as the percentage
of the major decomposed product (indole m/z=117) divided by the
intact molecular ion (tryptophan m/z=204) in the mass spectrum.
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K/s) decomposition is never observed. In Figure 5.14 plots are shown at constant
heating rates for tyrosine. The same phenomena as described above is observed,
although in this case a heating rate greater than 15 000 K/s is probably sufficient to

prevent tyrosine from decomposing.

5.7 Conclusions

1. At a constant contact time, increasing the probe tip temperature in order to
increase the heating rate does not work.

2. At a constant heating temperature, a decrease in the contact time decreases the
intensity of the decomposed products.

3. High heating rates are necessary to prevent decomposition of thermally labile

compounds. This is must easily accomplished by decreasing the contact time.
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Chapter 6

Multiphoton Ionization Study of Water and Ammonia Elimination
from Dipeptides with Pulsed Rapid Heating and
Laser Desorption for Sample Vaporization

6.1 Introduction

The multiphoton ionization (MPI) technique has been successfully applied to biological
molecule studies [1]. In order to volatilize these nonvolatile and thermally labile
molecules into the gas phase for MPI, various techniques, including laser desorption
(LD) [9,34,46,47], fast atom bombardment (FAB) (see chapter 4) [17] and pulsed rapid
heating (PRH) (see chapter 5) [18] have been developed. Among the many biological
molecules studied, small peptides, particularly dipeptides, have been extensively
investigated by MPI mass spectrometry (MS). Of interest, several research groups have
reported the observation of peaks at 17 and/or 18 mass units lower than the molecular
ion peak in the mass spectra of dipeptides [9,17,18,45,60,82,111,112]. However, the

interpretation of these M-17 and M-18 peaks are still controversial.

Trembreull and Lubman first reported [45] that no molecular ion, but a dominant peak
at M-17, is observed in MPI mass spectra of dipeptides such as Phe-Tyr with LD for
sample vaporization in a supersonic jet time-of-flight (TOF) mass spectrometer. Beavis
et al. also reported MPI mass spectra of dipeptides [111,112]. However, they
demonstrated that only the molecular ion is detected at low ionization laser power
while the molecular ion along with the M-17 and M-18 peaks can be obtained for

dipeptides at high laser power. Later, the M-18 peak was found to be generated from
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thermal decomposition during the laser desorption process [60,82,111,112].
Experiments, including the use of Fourier transform infrared (FTIR) spectroscopy,
synthesis of cyclodipeptides, and the study of sample matrix and sample preparation
effects, revealed that the M-18 peak is from a cyclodipeptide formed by eliminating
water from its parent dipeptide during the LD process [60,82]. In contrast, the M-17
peak is not from the thermally decomposed product and is believed to be formed from
the molecular ion with the elimination of ammonia, i.e. (M-NH3)* [111,112]. More
recently, Zimmerman et al [9] have succeeded in combining MPI with LD in a FTMS
and reported that the MPI spectra of some dipeptides such as Trp-Gly also display a
dominant peak at M-17. However, from exact mass analysis, it was found that the M-

17 peak is from the molecular ion with the loss of hydroxy radical, i.e. (M-OH)*.

In light of the fact that dipeptides are often used as test compounds for the development
of new sample introduction and ionization techniques (see chapters 4-5), the
understanding of the fragmentation patterns for these molecules is important for the
development of not only LD/MPI but also other techniques involving LD or MPL. In
this chapter, we report the MPI mass spectrometric study of dipeptides as well as
structurally related amino acid derivatives with the use of laser desorption and the
pulsed rapid heating technique for sample vaporization. The objective of this study is
to provide further experimental evidence for the origins of the M-17 and M-18 peaks

found in the MPI mass spectra of dipeptides.

6.2 Experimental
The experimental setup for supersonic jet multiphoton ionization with laser desorption
[17,21,22] and pulsed rapid heating for sample volatilization [18] has been described in

section 1.7. In brief, the system consists of an angular reflectron time-of-flight mass
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spectrometer (R.M. Jordan Co., Grass Valley, CA) mounted vertically in a six-port
cross pumped by a 6-in diffusion pump (Varian Associates, Inc., Lexington, MA). A
pulsed nozzle (R.M. Jordan Co., Grass Valley, CA) with a 50-ys pulse width is used to
form a supersonic jet. CO» is used as the expansion gas throughout this work. The jet
expands into the acceleration region of the TOF and a laser beam perpendicular to both
the jet and flight tube ionizes the sample. No skimmer was used in this study. The 1-
meter-long flight tube is differentially pumped by a 4-in. diffusion pump (Varian
Associates, Inc., Lexington, MA). The pressure in the flight tube is usually below

6x10-7 Torr and the pressure in the ionization region is < 10-6 Torr.

A 5-mm or 10-mm diameter sample probe made of machinable Macor ceramic is
placed very close to the nozzle orifice. About 100 pg - 1 mg sample is placed on the
sample probe direcuy by either wetting or dissolving the compound in a solvent (i.e.

methanol) and coating the surface with a spatula.

For the LD/MPI experiments, a pulsed CO7 laser (Allmark model 852, A-B lasers Inc.,

Acton, MA) whichi generates 10.6 um IR radiation with a 75-ns initial pulse and 2-pus
tailing is used for laser desorption. The laser beam is focused to a ~ 1 mm diameter
spot on the sample probe by using a Ge lens [17,18,22]. The laser power density for
the desorption is estimated to be 1x106 W/cm2. In the PRH/MPI work, a heating
probe, which consists of an electrically heated plunger driven by a solenoid, is used to
make a brief contact with a sample substrate to vaporize the sample in less than 210 ps
at a repetition rate of 10 Hz [18]. The gas phase sample molecules are then entrained
into the jet and carried into the TOFMS where MPI takes place. The temperature of the
probe is kept at 250°C. The estimated heating rate obtained by this PRH method is >
106 K/s (see chapter 5).
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The ionization source is a frequency quadrupled Nd:YAG laser (GCR-3, Spectra-
Physics, CA) which generates 266 nm radiation with a 7-ns pulse width. The laser is

normally operated at 10 Hz repetition rate. Most mass spectra are obtained with signal

averaging over several laser pulses.

The actual sequence of events is controlled by several delay generators. The CO7 laser
beam or the PRH probe is first turned on to desorb the sample, the pulsed nozzle opens
to form a supersonic jet, and then the sample is entrained into the jet and carried into

the ionization region of the TOFMS where the ionization proceeds.

All chemicals were purchased from Sigma Chemical Co., St. Louis, MO and used

withont further purification.

6.3 Results and Discussion

Figure 6.1 shows the LD/MPI mass spectra of Trp-Gly. Here, a relatively thin sample
layer is used. Although the sample thickness is unknown, we found that after
approximately 10 initial laser desorption pulses, most of the sample in the desorption
spot has already vaporized and the ionization signals are approaching zero. Thus, the
spectrum shown in Figure 6.1A is the averaged result from the initial 2 laser pulses.
Figure 6.1B is the averaged mass spectrum from the third and fourth pulse. The
spectrum generated from an additional two pulses in the same sample spot is shown in
Figure 6.1C. As Figure 6.1 illustrates, the molecular ion intensity varies from pulse to
pulse. By rotating the sample probe, new sample spots can be exposed to the CO> laser
beam for desorption. It is found that the molecular ion intensity also changes from one

sample spot to another. We believe that these signal variations are mainly due to the
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inhomogeneity of the sample distribution on the substrate surface and the variation of
both the ionization and desorption laser powers. We found that the signal intensity
variation from spot to spot is about + 20% for most dipeptides studied. However, the
relative intensities between the molecular ion peak and fragments, or the mass

fragmentation patterns, do not change significantly from pulse to pulse and spot to spot.

Figure 6.1 also shows that the relative intensity of M+/ (M-18)* changes from pulse to
pulse. This result is consistent with the findings reported by LD/MPI with either a
reflectron or a linear TOFMS [60,82,111,112]. It is believed that this M-18 peak is
from the cyclodipeptide, a thermally decomposed product generated from the dipeptide
with the elimination of water during the laser desorption process [60,82]. In all
dipeptides studied, this M-18 peak can sometimes become a dominant peak. Figure 6.2
shows the mass spectrum of Trp-Gly obtained by using a thick sample (~ 0.5 mm in
thickness). With the use of a thick sample, over 50 pulses in the same sample spot
(multiple desorption) can readily be achieved. In this case, the mass fragmentation
patterns from the initial laser pulses are similar to those shown in Figure 6.1. After
that, the M-18 peak increases. Figure 6.2 is the resulting mass spectrum from
averaging over 50 laser pulses. This result is again consistent with that reported,

although different TOF mass spectrometers and laser systems are used [60,82,11 1,112].

However, the observation of M-H50 is inconsistent with the LD/MPI result obtained in

a FTMS where a dominant peak from protonated M-H>0 was found [9].

It should be noted that, in the FTMS work, a supersonic jet was not used. In an attempt
to show the jet effect on the appearance of the M-18 peak in the mass spectrum, a linear
TOFMS without the use of a jet is employed. Figure 6.3 shows the mass spectrum of

Trp-Gly obtained using the same experimental conditions as in Figure 6.2 except that
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same as those used for Figure 6.2 except that no supersonic jet cooling is

employed and a linear TOFMS is used.
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the sample probe is placed directly between the repeller and the extraction grid of the
linear TOFMS. As Figure 6.3 illustrates, the results obtained without the jet are similar
to those obtained with the use of a jet. Again, it is found that M-18 can be a dominant
peak, providing that multiple desorptions take place in the same spot for a period of

time. The absence of the jet does not alter the findings.

Another important fact is that the formation of the M-18 peak is not unique to the MPI
experiments with laser desorption for sample vaporization in a TOFMS. This peak is
also observed in the FAB/MPI studies of dipeptides (see chapter 4) [17]. In this
technique, a pulsed FAB beam, instead of a laser beam, is used to vaporize the sample
into a supersonic jet, followed by MPI. More recently, we developed a pulsed rapid
heating (PRH) method for sample vaporization (see chapter 5) [18]. We now compare
the results of LD/MPI and PRH/MPI from dipeptide studies for a better understanding
of the origins of the M-17 and M-18 peaks.

Table 6.1 summarizes the major peaks observed in the mass spectra of dipeptides
studied by using PRH/MPI. The summary of the major peaks observed in the mass
spectra of these dipeptides studied by LD/MPI is shown in Table 6.2 for comparison.
In general, the mass spectra obtained by using PRH/MPI are similar to those obtained
by LD/MPI. The major difference is the relative intensity of M+'/ (M-18)*+. The mass
spectrum of Trp-Gly, obtained by using PRH/MPI, is shown in Figure 6.4. Note that
the intensity of the M-18 peak is higher than those shown in Figure 6.1. In fact, this
spectrum is similar to that shown in Figure 6.2. As in LD/MPI, the intensity of the M-
18 peak varies from pulse to pulse. Thus, the relative intensity of this peak shown in
Table 6.1 is the average value over several different runs. However, unlike in LD/MPI

where the M-18 peak can be reduced significantly under some circumstances, this peak
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Table 6.1 Summary of the major ions observed in the mass spectra of
dipeptides studied by PRH-MP]2
e —
Compound MW Major ions [ m/z (% rel. int.) ]
Trp-Gly 261 261(25), 245(16), 244(14), 243(100), 146(9), 130(84)
Gly-Trp 261 261(16), 243(40), 187(8), 130(100)
Trp-Ala 275 275(10), 259(8), 258(11), 257(38), 130(100)
Ala-Trp 275 275(26), 257(61), 187(12), 130(100), 77(14), 44(36)
Tyr-Gly 238 238(27), 222(54), 221(56), 220(100), 136(12), 132(6),
107(36)
Gly-Tyr 238 238(100), 220(100), 107(26)
Tyr-Ala 252 252(12), 236(40), 235(44), 234(100), 146(7), 136(16),
107(30), 44(16)
Ala-Tyr 252 252(89), 234(46), 107(21), 44(100)
Tyr-Leu 294 294(48), 278(76), 277(30), 276(100)
Leu-Tyr 294 294(94), 86(100)
Tyr-Phe 328 328(14), 312(36), 311(50), 310(100), 107(11)
Phe-Tyr 328 328(67), 311(22), 310(100), 120(39)
Phe-Gly 222 222(100), 206(10), 204(22), 120(34)
Gly-Phe 222 222(100)
Phe-Leu 278 278(31), 260(7), 187(17), 120(100)

Leu-Phe 278 278(100), 234(18), 86(16)

3 The ionization laser beam is 266 nm with a power density of 4 x 10% W/cmZ.
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Table 6.2 Summary of the major ions observed in the mass spectra of

dipeptides studied by LD-MPI?

Compound MW Major ions [ m/z (% rel. int.) ]

Trp-Gly 261 261(99), 245(93), 244(8), 130(100), 117(8)

Gly-Trp 261 261(87), 243(8), 187(47), 170(12), 130(100), 117(8)

Trp-Ala 275 275(100), 259(32), 258(16), 130(81)

Ala-Trp 275 275(100), 257(16), 187(72), 130(65), 44(5)

Tyr-Gly 238 238(17), 222(11), 221(100), 220(3), 136(17), 132(12),
107(4)

Gly-Tyr 238 238(100), 220(6), 164(32), 107(21), 75(25), 30(14)

Tyr-Ala 252 252(51), 236(68), 235(100), 234(28), 14633), 136(26),
107(4), 44(6)

Ala-Tyr 252 252(51), 234(24), 211(27),164(24), 107(12), 44(100)

Tyr-Leu 294 294(41), 278(100), 277(80)

Leu-Tyr 294 294(100), 164(9), 131(9), 86(75)

Tyr-Phe 328 328(59), 312(50), 311(100)

Phe-Tyr 328 328(81), 310(17), 238(15), 222(81), 136(36), 120(100)

Phe-Gly 222 222(30), 206(15), 120(100)

Gly-Phe 222 222(100)

Phe-Leu 278 278(33), 187(17), 120(100)

Leu-Phe 278 278(100), 86(80)

2 The ionization laser beam is 266 nm with a power density of 4 x 10% W/em?.

2
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Figure 6.4 MPI mass spectra of Trp-Gly obtained by using the pulsed rapid heating
(PRH) method for sample vaporization. The experimental parameters are

the same as shown in Figure 6.1A.
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is generally observed in PRH/MPI. Compared with the molecular ion peak, this M-18
peak is also very intense, as shown in Figure 6.4 and Table 6.1. Two exceptions are
Phe-Leu and Leu-Phe. For these two dipeptides, the M-18 peak is sometimes absent in
the MPI mass spectrum. These resulis again suggest that the M-18 peak is not
produced from the molecular ion via MPI fragmentation. Rather, it is from a different

species. This is examined more closely below.

The reason for the difficulty in reducing the M-18 peak intensity in PRH/MPI might be
attributed to the fact that the heating rate in PRH (~ 106 K/s) is lower than that
achieved by LD (~ 108 K/s) [107]. Furthermore, other non thermal process(es) may
also play a role in LD {92,93,113,114]. Thus, in PRH/MPI, the generation of
cyclodipeptides by the thermal decomposition process can be a competing process with
sample vaporization. The observation of a strong M-18 peak in PRH/MPI, along with
the fact that both the appearance and the intensity of the M-18 peak in LD/MPI are not
strictly dependent on the CO» laser power [60,82], suggests that the cyclodipeptide
does not originate from the IR laser beam induced photo dissociation during LD. It
should also be noted that the appearance of the M-18 peak is related to the sample
vaporization process, not the laser ionization process. Thus, the possibility that the M-
18 peak is formed by the UV laser induced photo dissociation in the ionization region
followed by MPI can be ruled out. From these experimental results and those reported
previously with LD/MPI in a TOFMS, it can be concluded that the M-18 peak
formation indeed results from the ionization of the thermally decomposed product, i.e.

cyclodipeptide.

It should be noted that Figure 6.1 also shows a strong peak from M-16 along with a

peak at M-17. The isotope ratio calculation indicates that this M-17 peak or the M-16
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peak is not from the iscvtope peak of M-18 or M-17, respectively. Note that the M-16
peak is also observed in Figure 6.2. Dipeptides having an N-terminal aromatic group
show M-16 and M-17 peaks in the mass spectra, as demonstrated in Tables 6.1 and 6.2.
However, these peaks are absent in the mass spectra of dipeptides having a C-terminal
aromatic group. The mass spectra shown in Tables 6.1 and 6.2 also reveal that the
PRH/MPI technique gives similar results as LD/MPI, which suggests that the M-16 and
M-17 peaks are not likely from the IR photo dissociation process during laser
desorption. In addition, we found that the relative intensities of these two peaks and the
molecular ion peak changes as a function of the ionization laser power. Thus, we can
conclude that these two peaks are from the fragments of the molecular ion. It should be

noted that, in some cases such as Tyr-Gly, as shown in Table 6.2, the M-17 peak can be

larger than the M-16 peak.

Origin of M-17 and M-16: It was first suggested that the M-16 and M-17 peaks
are from the molecular ion with the elimination of amino radical and ammonia neutral,
respectively [111,112]. However, the recent finding from LD/MPI with a FTMS [9]
suggests that the M-17 peak is from the molecular ion minus hydroxy radical. Thus,
one can argue that the M-16 peak could be from the protonated M-OH species in the
LD/MPL. In order to understand the fragmentation process, we have looked at amino
acid derivatives having similar structures as dipeptides as model compounds to study

which bond cleavage, i.e. the -CO-OH bond or the >CH-NH5 bond, occurs more

readily.

Table 6.3 summarizes the major peaks observed in the mass spectra of the amino acid
derivatives studied using PRH/MPI and LD/MPI. There are several important findings
here. First of all, in the cases of tryptophanamide (1) and tyrosinamide (2), both M-17
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and M-16 peaks are observed. The M-16 peak can be from the molecular ion with the
loss of one of the amino groups. The M-17 peak is from M-NH3. However, for
tryptophan methyl ester (3) and tyrosine methyl ester (4), where the amino group in the
amide bond of 1 and 2 is replaced with a methoxy group, no M-17 and M-31 peaks are
detected. Since the elimination of the amino radical from the breakage of the amide
bond is less energetically favored, compared with the loss of methoxy group from the
breakage of the ester bond [115], the failure of observing the M-31 (or M-OCH3) peak
in the mass spectra of 3 and 4 suggests that the loss of the amino group for 1 and 2 is

less likely from the amide bond.

For the N-substituted tryptophan and tyrosine derivatives, 3-7, the elimination of the N-
substituted group is observed. This group leaves the molecule either as a radical or as a
neutral, similar to the fragmentation process observed in compounds 1 and 2 where the
M-16 peak is from the loss of the amino radical and the M-17 peak is from the
elimination of the ammonia neutral. Thus, for compounds 5-7, no M-17 or M-16 peak
is obtained. For compounds 8 and 9, the major fragments are also formed by
eliminating the N-substituted group from the molecular ion. No peaks corresponding to

the loss of OCH)CH3 are detected. This again suggests that the process of the ester

bond breakage is energetically less favored than the loss of the N-substituted group.

Scheme 6.1 shows the proposed MPI fragmentation pattern for these substituted amino
acids. From the study of the mass spectra of the amino acid derivatives 1-9 and from
the structural comparison between these compounds and the dipeptides, the
fragmentation process for dipeptides having a N-terminal aromatic group is proposed in
Scheme 6.2. The experimental evidence from this study supports the view by Beavis et

al [111,112], i.e. the M-16 and M-17 peaks observed in the MPI mass spectra of
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Scheme 6.1 Proposed MPI fragmentation pattern for substituted aromatic amino acids.
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dipeptides originate from the loss of M-NH3 and M-NH3, respectively. The fact that

the M-17 ion can form a stable resonant structure with the aromatic group can be used
to explain why the M-16 and M-17 peaks are observed in the dipeptides having a N-

terrninal aromatic group, but not in the dipeptides having a C-terminal aromatic group.

6.4 Conclusion

The origins of the peaks at 17 and 18 mass units lower than the molecular ion peak,
often found in the multiphoton ionization mass spectra of dipeptides, have been
investigated. Two major processes in the interpretation of the MPI mass spectra of
dipeptides can be identified (see Scheme 6.2). One is the thermal decomposition
process, from which a M-18 peak is observed. This peak is not from the molecular ion
of the dipeptide. It is from the MPI of the thermally decomposed product,
cyclodipeptide, generated during the sample vaporization process. The other important
process is the elimination of an amino radical or ammonia neutral from the molecular
ion of the dipeptide having a N-terminal aromatic group. This fragmentation process
gives rise to the M-17 and M-16 peaks. For dipeptides having a C-terminal aromatic
group, the M-17 and M-16 peaks are normally not detected. In all dipeptides studied,
the M-18 peak can be detected in the LD/MPI experiment if a thick sample is used and
multiple desorption in the same sample spot takes place. For the FTMS work, the M-
17 ion peak is also observed, although it is proposed to be from the molecular ion with
the loss of a hydroxy radical [9]. This M-17 ion is proposed to be the protonated
cyclodipeptide. This result is clearly different from that reported here and by others

(111,112] in which LD/MPI experiments were carried out in a TOFMS.

The reason for the difference is unknown. However, one explanation could be that, in

the FTMS work, the thermally decomposed cyclodipeptide is initially formed during
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the LD process and then ionized by MPI. This cyclodipeptide radical cation then
collides with the remaining neutrals in the resonance cell to form the protonated
cyclodipeptide. However, in the TOFMS experiments, a protonated molecular ion is
normally not detected [17,18,45,60,82,111,112]. The reason for not observing the
- protonated species in the TOFMS is that the residence time of the ions in the ionization
region where ions and neutrals are both present is very short (< 10 ns). Thus, even if a
collision does take place, it will not form a protonated species in the given time frame.
However, in FTMS, the ion residence time in the cell is much longer. Thus,
protonation could take place via collisions between the ions generated by MPI and the

neutrals in the cell.
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Chapter 7

Measurement of Gas-Phase Ultraviolet-Visible
Absorption Spectra of Thermally Labile Molecules with a
Pulsed Rapid Heating Technique
for Sample Vaporization

7.1 Introduction
In chapters 5-6 it was successfully demonstrated that the pulsed rapid heating (PRH)

technique can be used for the vaporization and entrainment of nonvolatile and
thermally labile molecules into a supersonic jet (SJ) expansion for multiphoton
ionization (MPI) studies [18]. As an application of the PRH probe for sample
vaporization, this chapter deals with PRH for neutrél generation at atmospheric
pressure [22]. More specifically, it describes a study of the gas phase UV-Visible

absorption spectra of biological molecules.

Gas-phase UV-visible spectra have proven useful in areas such as the study of
electronic transitions in molecuics with relatively higher resolution compared to
solution or solid state studies [116]. The absorption spectrum can also provide valuable
information for the selection of optimal wavelengths for laser-based detection methods
such as multiphoton ionization mass spectrometry [117] and laser-induced fluorescence
gas-phase spectroscopy [118,119]. Among the laser-based detection methods,
supersonic jet spectroscopy (SJS) [10,120] is a powerful technique for chemical

analysis such as isomer identification and molecular structural analysis. Recently,



laser-induced fluorescence and multiphoton ionization jet spectroscopy have been

extended to the study of biological molecules [43,59,79,117].

In SJ spectroscopy, in order to obtain a jet-cooled spectrum, some prior knowledge of
the general absorption spectrum of the sample molecules in the UV-visible region in
the gas phase is generally required to locate the original transitions. For volatile and
thermally stable molecules, gas-phase spectra can be obtained by heating the sample in
a gas cell in a spectrophotometer. However, for thermally labile biochemicals,
conventional heating cannot be applied since decomposition will occur upon heating
before a spectrum can be obtained (see chapter 5, Part II). Although solution phase
spectra for these molecules can be obtained, the spectra are usually different from the
gas-phase spectra. This is particularly true for biological molecules, which often
possess functional groups such s OH and COOH. The solvent and pH shifts of the
absorbance peaks for these molecules can be quite large. In some cases, over 10 nm
shifts are observed [121]. Such shifts clearly cause some problems in locating the
origin transition in high resolution spectroscopy in light of the fact that the laser beam
is monochromatic and wavelength resolution is very high (i.e. < 0.02 nm for SJS).
Thus, methods for obtaining UV spectra in the gas phase are needed. Li and Lubman
developed a pulsed laser desorption method for sample volatilization in a diode array
spectrophotometer for the measurement of gas-phase UV spectra of biological
molecules [121]. In their technique, a pulsed CO2 laser was used for vaporizing
biochemicals at atmospheric pressure. Gas-phase UV spectra for a variety of
biochemicals were obtained and studied. These spectra proved extremely valuable for
locating the origin transitions or 0-0 transitions in SJS for tyrosine-related molecules,

indoles, and catecholamines [43,59].
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In this chapter, a simple and inexpensive alternative method for obtaining gas-phase
UV-visible spectra of biochemicals is described. It is demonstrated that the PRH
technique, producing a heating rate ~ 106 K/sec 18], can be used to vaporize intact
biochemicals at atmospheric pressure without significant thermal decomposition. It is
shown that UV spectra of biochemicals such as tyrosine, Dopa, norepinephrine, and
tryptophan can be obtained with this experimental setup. It is our hope that this simple
method of obtaining gas phase UV-vis spectra of thermally labile molecules can be

readily adapted by investigators interested in the studies of these molecules by high

resolution laser spectroscopy.

7.2 Experimental

Figure 7.1 shows the experimental setup for the measurement of gas-phase UV-vis
absorption spectrum with a pulsed rapid heating method for sample vaporization. A
commercial UV-vis photo diode array spectrophotometer (Hewlett-Packard 84504) is
employed to detect the gas-phase species. The PRH probe has been described in
chapter 5. Briefly, it consists of a solenoid, a heating probe, and a water cooling jacket.
A solenoid is used to drive a long stainless-steel plunger. A steel base is connected to
one end of the plunger so that an electromagnetic force generated inside the solenoid is
able to drive the plunger. Two springs are used to hold the plunger so that it can move
freely for about 1 cm in either direction. In this study, a 1.5-mm diameter thermocoax
heating coil is bent into a U-shape and silver-soldered to the other end of the plunger.
The heating coil is directly used as the tip of the heating probe. Because the solenoid
cannot be operated at high temperatures, a water cooling jacket constructed of copper is
screwed into the solenoid to isolate the hot probe from the solenoid. The electrical
circuit of the power supply used for driving this solenoid is the same as the one used for

the solenoid nozzle [106). This power supply is triggered by a pulse from a pulse
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generator and is capable of generating a 400 V pulse with a duration of ~ 35 ps. In this

experiment, an ~ 170 V pulse is used to drive the solenoid.

The vaporization process is performed under normal atmospheric conditions. The PRH
probe vaporizes the sample, which is coated on a 10-mm diameter ceramic probe,
generating a plume of vapor. The light beam from the spectrophotometer is positioned
about 1 mm above the PRH probe so as to intersect the maximum amount of vapor
without blocking the light beam from the probe. The entire absorption spectrum in the
UV-vis region is obtained within 1 second. The actual sample cell used to concentrate
the sample plume is constructed of round glass (4-cm length x 1-cm diameter) with
four circular holes (see Figure 7.1). The sample holder and the PRH probe are placed ~
8 mm apart. The contact time between the sample and the probe is ~ 210 ps, producing

a heating rate ~ 106 K/sec, as reported previously in chapter 5.

About 1 mg of sample is placed onto the ceramic probe by either wetting or dissolving
the compound in methanol and coating on the surface with a spatula. A fresh sample is
always available for vaporization by simply rotating the sample probe. The PRH probe
is operated at 1 Hz to allow the spectrophotometer to record and store the entire
spectrum in 1 second. Up to 25 spectra can be stored in the CPU of the
spectrophotometer in each run. The temperature of the heating probe is optimized for
each sample. Depending upon the melting point of the sample, the temperature is
generally in the range of 150-300°C. Since no significant absorptions are present in the
visible region for the compounds studied herein, the data is acquired in the UV region

only.
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In order to study the heating process, we analyzed the sample vapors generated at
atmospheric pressure by the PRH technique and by conventional direct heating. In
order to collect the sample vapors, a liquid-nitrogen cooled stainless steel sample probe
was placed near the vaporization region. The gas phase sample molecules were then
condensed on the probe. In order to determine the composition of the condensed
vapors we used laser desorption / supersonic jet multiphoton ionization (LD/SIMPI)
mass spectrometry. The sample probe was inserted into the vacuum chamber of the
LD/SIMPI mass spectrometer for CO2 laser desorption with 266-nm laser ionization.
This mass spectrometer is the same one used in the FAB and PRH work and has been

described in detail in section 1.7 [17-19,58].

The slow direct heating method employed in this work is performed by wrapping a
quartz cell with several turns of a coaxial heating wire. The sample is put inside the
quartz cell, which is then placed in the light path of the spectrophotometer, and the
quartz cell is slowly heated. The heating rate is estimated to be ~ 2 °C/sec. Again, for
the analysis of thz sample vapor, the vapor is collected at the top of the quartz cell

using the procedure outlined above, and analyzed by LD/SIMPI.

All chemicals were purchased from Sigma Chemical Co., St. Louis, MO, and used

without further purification.

7.3 Results and Discussion

As shown in earlier studies (chapters 5-6), the PRH method is capable of generating
intact molecules without significant thermal decomposition in the vacuum for MPI
mass spectrometry [18]. The PRH method described herein generates gas phase

molecules at atmospheric pressure, similar to laser desorption with a spectrophotometer
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for obtaining gas phase UV spectra [121]. Figure 7.2 shows the gas phase UV spectra
of tyrosine, Dopa, norepinephrine, and tryptophan obtained by the pulsed rapid heating
technique. These spectra are virtually identical to laser desorption results obtained
previously [121], as was the case for other compounds studied. These results suggest
that the PRH technique is an attractive, inexpensive method compared to laser

desorption for obtaining gas phase spectra for thermally labile or high melting point

compounds.

However, the similarity between the UV spectra obtained by L.D and PRH does not rule
out the possibility that thermally decomposed products may be generated by both
techniques. Moreover, we found that the UV spectrum of tryptophan obtained by the
PRH method is similar to that obtained by the slow heating method, yet it is well
known that tryptophan is thermally labile [79,121]. Thus, the next question we have to
address is whether we are indeed generating gas phaée neutral species, thermally
decomposed products, or both by the PRH method. Here, a laser desorption/supersonic
jet multiphoton ionization mass spectrometer is used to address this question. Figures
7.3A and 7.3B show the LD/SJMPI mass spectra of pure tryptophan and the sample
collected from the vapor generated by the PRH method. As Figures 7.3A and 7.3B
indicate, the two mass spectra are essentially identical, with a strong molecular ion
peak and a major fragment ion at m/z 130. Note that the relative peak intensity
between m/z 130 and m/z 204 is strongly dependent on the laser power density and the
laser wavelength [79,122]. The peak at m/z 130 is not detected at the optimal
wavelength of 286 nm with low laser power [122]. These results indicate that the
fragment ion at m/z 130 is a photo fragment and not a thermal decomposition product.
Figure 7.3C shows the mass spectrum of the sample collected from the vapor generated

with the conventional slow-heating technique. Figure 7.3C illustrates that tryptophan
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Figure 7.2
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Figure 7.3
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Figure 7.3
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MPI mass spectra of (B) the sample collected from the condensed vapor after
tryptophan is volatilized in the atmosphere by using the pulsed rapid heating
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readily decomposes into tryptamine (m/z 160), 3-methyl-indole (m/z 131), and indole
(m/z 117) if a slow heating rate is used ( ~ 2°C/sec). It should be noted that the gas
phase spectra for these indole-related molecules are very similar. Thus, in this case, it
is difficult to observe in the UV spectrum whether thermal decomposition is taking
place during the vaporization process. However, the mass spectrometric study suggests
that we are generating neutral gas phase tryptophan species in the pulsed rapid heating
process even under atmospheric pressure, since vaporization is clearly favored over

decomposition at the faster heating rate [99,102,105] (see chapter 5, part II).

Another class of compounds we have studied are aromatic acids such as amino- and / or
hydroxy- substituted benzoic acids. Many of these molecules are biologically
significant. For example, a number of metabolites of catecholamines are aromatic acids
[123]. These molecules are generally believed to be thermally very labile [123].
Indeed, we found that the UV spectra of the aromatic acids obtained by the PRH
method are completely different from those obtained by the slow heating method.
Figure 7.4 shows the UV spectra of 3-amino-4-hydroxybenzoic acid in the gas phase
with the use of the PRH method for sample vaporization and in methanol solvent. The
absorption contours for these two spectra are essentially identical, although the
spectrum in methanol is shifted slightly to longer wavelengths. Figure 7.5A shows the
UV spectrum of the same compound obtained by the slow heating method. Note that
this spectrum is different from that shown in Figure 7.4A, which indicates that
structurally different molecules are generated during these 'wo heating processes. To
analyze the molecules, the UV spectra of 2-aminophenol in the gas phase and in
methanol solvent are obtained and shown in Figures 7.5B and 7.5C, respectively. The
spectrum of 2-aminophenol (Figure 7.5B) is almost the same as that shown in Figure

7.5A. This result suggests that thermal decomposition is taking place during the slow
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heating of 3-amino-4-hydroxybenzoic acid and one of the major decomposed products

might be 2-aminophenol.

To further confirm that slow thermal heating of 3-amino-4-hydroxybenzoic acid
produces significant amounts of 2-aminophenol, LD/SIMPI mass spectrometry is again
employed to determine the vapor species generated by slow heating and the PRH
method. The mass spectra are shown in Figures 7.6 and 7.7. Figure 7.6 shows that the
pulsed rapid heating technique produces only 3-amino-4-hydroxyben: ic acid in the
gas phase with no thermal decomposition products. Figure 7.7 shows that with slow
heating only the decomposed product, 2-aminophenol (m/z 109), is observed in the gas
phase. This study indicates that a mass spectrometer with the capability of detecting
thermally labile molecules is useful for the determination of thermally decomposed
products. However, a simple UV-vis spectrophotometer can still provide some
information on whether there is any thermal decomposition during the heating process
if the spectrum for the decomposed product is different from that of the intact molecule.
More importantly, this study suggests that the PRH method is capable of generating
gas-phase molecules under atmospheric pressure conditions for the measurement of

UV-vis spectra of these very labile compounds.

7.4 Conclusion

A pulsed rapid heating method has been developed as a means of vaporizing thermally
labile biochemicals in a diode-array spectrophotometer for the measurement of gas-
phase UV-visible spectra. We have shown that this PRH technique with a heating rate
of ~ 106 K/sec can vaporize the sample molecules intact at atmospheric pressure
without thermal decomposition. Multiphoton ionization mass spectrometry is

employed for th¢ identification of intact molecules and any thermally decomposed

- 143 -



Figure 7.6
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in Figure 7.3.
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Figure 7.7
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Figure 7.3.
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products that may be generated during the PRH process. Using 3-amino-4-
hydroxybenzoic acid as a test compound, it is found that thermal decomposition is
observed with a conventional direct heating method (heating rate ~ 2 K/sec), whereas

sample molecules are vaporized intact with the PRH technique.
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Chapter 8

Molecular Cooling and Supersonic Jet Formation in
Laser Desorption

8.1 Introduction

Laser desorption (LD) is a powerful method for the generation of ions and neutrals
[1,3,46,47,56,124-129]. In particular, matrix-assisted laser desorption ionization
(MALDI) has become an increasingly important technique for ion generation in mass
spectrometry [3,56,124-129]. As discussed in chapter 1, the technique involves mixing
a proper matrix with samples such as peptides and proteins on a substrate, followed by
laser desorption. In a time-of-flight mass spectrometer, molecular ions can be observed
with little fragmentation even for proteins as large as 300,000 Da [3,56,124-129].
Apparently, although a large amount of energy is implanted to the sample and the
sample substrate, these fragile biopolymers can still survive the desorption process. It
is also known that the addition of a proper matrix to a sample facilitates the generation

of intact neutral molecules by LD.

At present, though, the mechanism for LD is not well understood [130-138]. In
studying LD, it is perhaps advantageous to separate the LD process into two temporal
events. The first event is the interaction between the laser beam and the sample and/or
the sample substrate. The second event is gas expansion after the interaction. Because
most experimental measurements are performed after the molecules have expanded a
finite distance, it is important to characterize the expansion process well so that any

theoretical treatment or experimental measurement cf the initial interaction (see chapter
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5, Part II) can account for its contribution. This work is directed towards the study of

the gas expansion process in laser desorption.

Recently, several groups have argued that molecular cooling during the expansion after
the laser impact reduces the probability of thermal degradation of sample molecules
[56,128,133-138]. In this work, we have designed an experiment to provide
information concerning the internal energies of the desorbed molecules in LD. The
experiiment involves the use of resonant two-photon ionization (R2PI) spectroscopy
[10,139] to examine the molecular population distributicn among the internal states of
the molecules generated from the desorption process. The key for success of studying
the organic molecules spectroscopically is to develop a sample introduction system so
that a stable, repetitive desorption event can take place over an extended period
sufficient to allow a spectrum to be recorded. We note that Lustig and Lubman [140)]
have developed a flow probe to deliver samples from a capillary tube to the probe face
for repetitive laser desorption. In their technique, neutrals generated by LD are
entrained into a supersonic jet and carried into the ionization region of a time-of-flight
mass spectrometer (TOFMS), where multiphoton ionization mass spectra are obtained.
In this work, a continuous-flow probe is developed to deliver sample and matrix
through a capillary tube and onto a stainless steel frit, upon which laser desorption is
carried out. The sample molecules expand directly, without a carrier jet, into the
acceleration region of a TOFMS, where R2PI is performed with a tunable dye laser.
By monitoring the molecular ion intensity of the sample as a function of the ionizing

wavelength, a wavelength spectrum is recorded.

In this chapter, we demonstrate that sample molecules, at least for the model

compounds studied herein, can be internally conled quring the laser desorption process.

- 148 -



It is found that vibrational temperatures of the small molecules can be significantly
lower than room temperature or the temperature of the sample surface. In addition, for
the study of molecular cooling for large molecules, a mixture of a high molecular
weight biochemical and a probe molecule is used for desorption, and the R2PI spectra
of the probe molecule is then examined. The experimental results suggest that the large
molecules are cooled during the expansion in LD. This work therefore provides strong
evidence supporting the supersonic jet model. It is believed that the matrix species
form a jet during LD and provide cooling for the sample molecules. In this work,

studies of the parameters affecting the supersonic jet expansion are also reported.

8.2 Experimental

Figure 8.1 shows the schematic of the experimental set-up used for R2PI-MALDI
studies. The reflectron time-of-flight mass spectrometer has been described in section
1.7 [17-22,58]. The pressure in the detection region is usually below 1x10-5 Torr

during operation.

The design concept of the flow probe is, in some aspects, similar to the frit-type probe
used in continuous-flow fast atom bombardment mass spectrometry (CF-FABMS)
[141]. A silica capillary tube (75 pum i.d., 363 pm o.d., ~ 1 m long) (Polymicro
Technologies, Phoenix, AZ) is inserted into a 1.27-cm o.d. and 0.635-cm i.d. stainless
steel tube and extends to the probe tip (see Figure 8.1). For electric insulation, the top
section of the probe (~ 7.62 cm long) is made of Vespel. The probe tip (5-mmo.d., 1-
mm i.d., and ~ 5 mm long), also constructed of Vespel, is then screwed onto this
insulator. A septum is placed in between the probe tip and the insulator for vacuum
sealing. The capillary tube punctures through this septum and is placed about 1 mm

away from the surface of the tip. A 1.55-mm hole is drilled in the center of the tip face
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to a depth of 1 mm for housing the stainless steel frit (1.59-mm o.d. and 0.794 mm
thick) (Chromatographic Specialties Ltd., Brockville, Oat.). The frit is pushed into the
hole to make a direct contact with the end of the capillary tube. The flow probe is

inserted into the TOFMS via a custom-made solid probe lock (Whitey Co., ball valve

SS-63TSWI2T).

In this experiment, a micro syringe pump (Orion Research Inc., Boston, MA)
continuously introduces the sample and the matrix onto the frit probe surface. The flow
rate is in the range of 2-5 uL/min. Samples are prepared by dissolving the analyte in a
water/glycerol mixture to produce a solution in the concentration range of 1-5 mM.
The glycerol content is varied from 0-50%. The probe temperature is estimated to be
between 5-10°C, depending on the percentage of glycerol used in the solution. It is
found that this continuous flow sample introduction technique can provide excellent
long term signal stability (less than + 5% signal variation) which is the key for
performing R2PI studies. Moreover, relatively volatile matrices such as water (see
Results below) can be used. This is because a dynamic equilibrium between the liquid
flow and the vacuum pumping is established in the. flow probe. This equilibrium is
affected by the flow rate, matrix volatility, and the local pumping speed. Higher flow

rate and lower vacuum pumping speed favor retardation of the volatile matrix on the

probe.

For laser desorption, a pulsed CO2 laser (Allmark Model 852, A-B Lasers Inc., Acton,
MA) which generates 10.6-um IR radiation with a 75 ns initial pulse and < 1-pts tailing
is used. The repetition rate of this laser can be adjusted from 0.1-15 Hz, although 3 Hz
is generally used in this work. The IR laser beam is reflected by copper mirrors

protected with a gold coating (CVI Laser Corp., Albuquerque, NM) and focused onto

- 151 -



the sample probe by a germanium plano convex lens (Janos Technology Inc.,
Townshend, VT). The pulsed neutral sample beam generated from LD expands into
the acceleration region of the TOFMS and a UV laser beam perpendicular to the sample
probe and the CO2 beam ionizes the neutrals (see Figure 8.1). The ionization laser
beam is from a dye laser (Lumonics HD 500, Ottawa, Ont.) pumped by a Nd:YAG
laser (Spectra-Physics GCR-3, Mountain View, CA). Tunable UV radiation is
generated by frequency doubling the output of the dye laser (Lumonics HyperTrak-
1000). The laser beam is then focused with a convex lens (focal length 30 cm) to a 1-
mm diameter spot. The ions produced by the laser are extracted to the flight tube of the

TOFMS and detected by a microchannel plate detector.

A digital delay generator is used to control the delay time between the two lasers. The
CO2 laser is first turned on, followed by the ionization laser pulse. The ionization laser
power is adjusted for each compound to ensure that only the molecular ion peak is
detected in the mass spectrum (soft ionization). The transient signal or the mass
spectrum is recorded by a LeCroy 9400A digital oscilloscope. For generating the R2PI
spectrum, the molecular ion intensity is monitored with a boxcar integrator as a

function of the ionization laser wavelength and recorded on a strip chart recorder.

8.3 Results and Discussion

Evidence of Molecular Cooling: Figure 8.2A shows the room temperature R2PI
spectrum of benzimidazole in the vicinity of its origin 0-0 transition (i.e. the transition
from the zero vibrational state of the ground lectronic state to the zero vibrational state
of the excited electronic state). This spectrum was obtained by directly inserting a
relatively large quantity of sample (~ 1 mg) on a standard solid probe into the vacuum

chamber without performing LD. Benzimidazole (mp 172-174°C) produces sufficient
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vapor in the vacuum to yield a useful spectrum. Thus, a room temperature R2PI
spectrum can be obtained from these background molecules. Figure 8.2B is the R2PI
spectrum of the same compound obtained by using LD for neutral generation, with a 7-
cm distance between the flow-probe tip and the ionization laser beam. The background
signals are negligible compared with the desorption/ionization signals. There are
several important features shown in these two spectra. In Figure 8.2A the 0-0 origin
band (277.57 nm) is observed along with two comparable vibrational hot bands (278.10
nm and 278.63 nm), corresponding to 1-0 and 2-0 transitions, respectively, with a
vibrational spacing ~ 69 cm-1. Clearly, any decrease in the internal energy of this
molecule will result in the intensity reduction of these hot bands in the R2PI spectrum.
Thus, this molecule should serve as an excellent model to examine the molecular
cooling process in LD. Figure 8.2B shows the origin band along with one weak hot
band at 278.10 nm. The origin band has been greatly intensified and become much
sharper, which indicates that good rotational cooling has been obtained for

benzimidazole.

The vibrational temperature of the molecule can be estimated from population
distribution among the internal states [142-144]. It is found that the vibrational
temperature of the molecules, in the case of Figure 8.2B, is about 46 K for the
vibrational mode associated with the hot bands shown. The rotational temperature is, at
present, unable to be derived due to the lack of spectral resolution in revealing the
individual rotational states. Nevertheless, from the comparison of origin band peak
widths in the spectra shown in Figure 8.2A and 8.2B, one would expect that it should
be much lower than room temperature. Indeed, the spectrum shows i "~gure 8.2B is

comparable with that obtained by using a nozzle source [106]. This study indicates that
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significant internal molecular cooling may have occurred in the laser desorption

process.

Several other molecules such as hydroquinone, resorcinol, carbazole, and indole-3-
acetic acid, whose cooling spectra are known from jet experiments with a nozzle source
[10,43,59,79,139,145,146], have also been studied. By comparing the room
temperature spectra with the spectra obtained from LD, it is found that internal

molecular cooling can also be observed for these small molecules.

Parameters Affecting Molecular Cooling: There are several experimental
parameters found to affect molecular cooling during gas expansion in LD. First, we
find that the cooling is matrix dependent. Here, glycerol is used as the matrix for
continuous sample introduction. Glycerol is known to be a good matrix for IR laser
desorption [43]. Figure 8.3 shows a series of R2PI spectra of benzimidazole obtained
under the same experimental conditions except with varying glycerol concentrations.
The expansion distance is fixed at 6.5 cm. As Fizure 8.3 illustrates, the cooling effect
decreases as the concentration of glycerol increases. Rest cooling is obtained when
pure water is used. From the nozzle experiment with a seeded molecular beam, it is
known that water vapor can be used as the expansion gas to provide good molecular
cooling [147]. Water is smaller in size and has fewer internal degrees of freedom than
glycerol. It can be cooled more effectively in the jet. Hence, it will absorb more
energy from the seeded molecules, resulting in lower internal temperatures. In this LD
work, it appears that the water molecules also serve as an expansion gas to absorb some

internal energy from the seeded sample molecules.
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It is worth noting that when the water content increases the pulse-to-pulse
reproducibility decreases, resulting in lower signal to noise ratios in the wavelength
spectrum. This is due to flow instability caused by a decrease in flow viscosity, similar
to that observed in CF-FABMS [141]. In general, a 5-20% glycerol content provides
an optimal combination of cooling and signal stability. Addition of a small percentage
(< 10%) of other volatile solvents such as methanol or acetonitrile to this mixture does
not alter the cooling and the signal stability significantly. However, if more than 50%

of these volatile solvents are used, the signal becomes unstable and efficient molecular

ooling is difficult to obtain.

The extent of the molecular cooling is also dependent upon the samplc¢ expansion
distance. Figure 8.4 shows various R2PI spectra of benzimidazole as a function of the
distance between the sample probe tip and the ionization laser beam. Clearly, as the
expansion distance is increased, the intensities of the hot bands decrease. It is
interesting to note that the spectrum at a distance of 4.0 cm (Figure 8.4A) is very
similar to the R2PI spectrum of the sample at room temperature (Figure 8.2A). No
spectra are shown for expansion distances less than 4 cm. This is because when the
distance is shorter than 4 cm, the signal becomes unstable (+ 20%). Although the exact
threshold distance is compound and matrix dependent, it is normally in the region of

3.5t04.5cm (i.e. 1.5t0 2.5 cm away from the edge of the acceleration plates).

One possible cause of this threshold behavior might be the presence of charged species
generated from the desorption laser, which could interfere with the electric field (i.e.
via space charging) within the ionization region of the TOFMS. This interference
would become severe when the probe is placed close to or inside the acceleration

region. However, we find that, by moving the probe to the center of the extraction grid
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and operating the CO2 laser only, no ions are detected. This indicates that the signal
instability is not from charged species interfering with the electric field. The desorption

laser under the experimental conditions used appears to act mainly for the generation of

neutrals.

A possible exp:c.nation for the threshold behavior of the signal stability is the molecular
scattering of the gas jet caused by the acceleration plates. It appears that the initial
molecular density of the jet formed by laser desorption is quite high. Unless the jet has
expanded a finite distance and the density has been reduced, molecular scattering can
take place and interferc with the jet expansion. Note that molecular scattering can also
cause interference in the molecilar beam experiments with a nozzle source [40].
Scattering can be a major problem there, particularly when a free flow region has not
been established. Often a skimmer is used to transmit only the center portion of the
heam to the ionization region of the mass spectrometer. in any case, from the results
shown in Figure 8.4, one would expect that with a short expansion distance (i.. less
than 4 cm), the sample molecules are not effectively cooled below rocm temperature.
However, when the expansion distance increases from 4 to 6 cm, the vibrational
temperature drops from room temperature to less than 57 K. This indicates that jet

expansion reduces the internal energy quite effectively.

Velecity Distributions: In the experimental configuration described here, the
velocity distribution of the molecules can be readily de:luced by measuring the time-of-
flight or time-of-arrival (TOA) profile of the samples at a fixed expansion distance
{46,137,148-151]. Furthermore, the state-selective ionization method used here can
provide unique information on the molecular distribution in a sample pulse generated

from the laser desorption process.
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Figure 8.5A shows the TOA profile for benzimidazole at an expansion distance of 6
cm. It is obtained by monitoring the molecular ion intensity with the ionization laser
wavelength at 277.57 nm as a function of the delay time between the desorption laser
and the ionization laser. A different profile is obtained when the ionization laser
wavelength is set at 278.10 nm, corresponding to a hot band transition. This profile is
shown in Figure 8.5B. The ionization wavelength dependence of the TOA profile is
due to the fact that the ion intensity, which is used for plotting the profile, is dependent
on the number of neutral molecules available in a particular state to be monitored.
Figure 8.5 suggests that different state distributions or molecular cooling are obtained
at different regious of the sample profile. This is further confirmed by examining the
R2PI spectra of benzimidazole at various positions of the TOA profile. These spectra

are shown in Figure 8.6.

Figure 8.6 also illustrates that optimal cooling is achieved at the front portion of the
sample pulse. This result is similar to that observed in the jet experiment with a pulsed
nozzle source [58] where the front portion of the molecules with 2 highly directed mass
flow are internally cooled more effectively. The tail of the sample puise consists of
some molecular random motions due to background scattering and/or other scattering
processes from various sources. The scattering processes tend to block some rmolecules
moving in the jet expansion direction [58]. As a result, the cold molecules are moving
faster than the hot molecules. The 277.57-nm TOA profile shown in Figurc 8.5A,
consisting of a large portion of cold molecules, has a most probable velocity of 7.5 x
104 cmy/s. In contrast, the 278.10-nm TOA profile, representing mostly hot molecules,
has a most probable velocity of 5.9 x 104 cm/s. This study indicates that velocity

distributions are dependent on molecular cooling. If the exteut of the molecular
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Sample pulse profile.: .t the benzimidazole neutrals generated with
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wavelengths used are (A) 277.57-nm corresponding to the original
transition of benzimidazole and (B) 278.10-nm corresponding to the
hot band transition. The 278.10-nm profile is scaled about 10 times

with respect to the 277.57-nm profile. The solid curve is the best

Maxwell-Boltzmann fit.
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cooling is not substantial, suc! " in the case where severe molecular scattering occurs

during the jet expansion, molecules will move at a lower velocity.

Relation of Internal and Translational Temperatures: The translational
temperature of molecules is commonly obtained by fitting TOA data into a Maxwell-
Boltzmann distribution [46,137,148-151]. In our system, both the internal temperature
and the translational temperature can be obtained, allowing us to :xamine the relation
between these two in the desorption process. We have tried to fit the sample profile
data into a modified Maxwell-Boltzmann distribution. The fitting curves are shown in
solid lines in Figure 8.5. The translational temperatures derived from the fit are 220 K
for the 277.57-nm profile and 450 K for the 278.10-nm-profile. It should be noted that
the 277.57-nm sample profile is about 10 times more intense than the 278.10-nm
profile. Thus, if no state-selective method is used, the profile chtained will more

closely resemble to the 277.57-nm profile and a translational temperature of 220 K

would be obtained.

However, as Figure 8.6 indicates, the internal energies of these molecules in the sample
pulse cannot be described by usizg a single temperature. Thus, an averaged internal
temperature should be used in order to make a comparison with the translational
temperature. This can be estimated by examining the individual internal temperature
data from a number of RZPI spectra obt :ined at various spatial positions of the sample
pulse. For the 277.57-nm sample profile shown in Figure 8.5A, the averaged
vibretianal temperature obtained is estimated to be 66 K. The energy exchange
between the translational mode and the vibi - .onal mode of the molecule is incomplete

during “he ¢ .nsion.
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Note that the 278.10-nm profile is obtained from the relatively hot molecules. These
data are a better fit to the Maxwell-Boltzmanr distribution than the 277.57-nm profile.
In addition, a higher translational temperature for these hot molecules is observed. This
illustrates that there is a correlation between the translational temperature and the

internal temperature. A lower translational temperature would mean a lower internal

temperature.

Molecular Cooling of Large Molecules: While good cooling is observed for
small model compounds, we find that it is difficult to observe any significant changes
in the spectra of larger molecules such as peptides. This is not totally surprising in light
of ihe fact that the origin transitions of peptides are much more complex [60,152].
Even with a nozzle source, it is difficult to resolve the individual peaks completely.
Thus, a broad band is often observed instead of the sharp peaks seen in the spectra of
smaller molecules [60]. As a result, for larger molecules, the extent of the cooling

obtained in LD is not sufficient to reveal any spectral changes.

While direct probing of the internal tempe-2-_.e of a large molecule is not possible, a
set of experiments has been designed to answer the important question, i.e. is there any
molecular cooling for large molecules during laser desorption? The experimental
design concept can be described as follows. In the conventional supersonic jet
experiments with the use of a nozzle source, if a mixture of several components seeded
into a carrier gas such as Ar expand to form a jet, molecular cooling for all individual
components can be observed [90,118,139,153]. The cooling results from
hydrodynamic expansion, where energy transfer processes such as collisional energy
relaxation take place among the cooled carrier gas and tie seeded sample molecules.

The molecular cooling process in the jet reduces the internal temperature of all seeded
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sample molecules, although the extent of thc cooling, i.e. the ultimate temperature,
could be different. In this study, a lurge spectroscopically unknown sample molecule is
mixed with a small probe molecule, such as benzimidazole. The resulting mixture
containing excess matrix is subjected to laser desorption, and the probe molecule can
be studied in detail by R2PI spectroscopy. The results from this study could provide

molecular cooling information for the large sample molecule.

In the first set of experiments, we mix equal moles of benzimidazole with resorcinol
and then introduce the mixture to the flow probe. The experiment is performed in the
same manner as that used in generating Figure 8.2 where only one component,
benzimidazole, is used. The molecular ion peaks of benzimidazole and resorcinol are
independently monitored by a gated integrator while the dye laser is scanned, as shown
in Figure 8.7. It is found that the spectra obtained for these two compounds from the
mixture sample introduction are almost the same as those obtained by introducing one

component at a time. Molecular cooling is observed for both compounds.

Next, bradykinin, a small peptide with a nolecular weight of 1060, is mixed with
benzimidazole in a water/glycerol matrix. The final concentrations for the small
peptide and the probe molecule are the same, i.e. ~ 8 x 16-4 M. When the mixture is
desorbed, followed by laser ionization in the wavelength region of 277-283 nm, only
the molecular ion peak of benzimidazole is observed in the mass spectrum and no ion
peaks from bradykinin are obtained. However, after several hours of running, no
evidence of accumulation of solid samples on the frit probe is found, indicating that the
sample molecules are indeed being desorbed by the IR beam. By manitoring the
molecular ion intensity of benzimidazole while the dye laser is scanned, an R2PI

spectrum is obtained for benzimidazole, as =.cwn in Figure 8.8. It is found that the
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spectrum is almost the same as that shown in Figure 8.2 when a 7.0 cm expansion
distance is used. Cooling dependence on the expansion distance such as that shown in
Figure 8.4 is also observed. In addition, by changing the time delay between the
desorption laser and the ionization laser to probe different spatial regions of the sample

pulse, similar results as shown in Figure 8.6 are obtained.

We have also performed experiments and obtained similar results on a mixture of
insulin (MW 5733) and benzimidazole. Moreover, by mixing three components,
namely, insulin, benzimidazole, and resorcinol, in a water/glycerol matrix, we can

obtain cooling spectra for both benzimidazole and resorcinol.

The above findings indicate that the addition of & small amount of relatively large
molecules to the matrix does not alter the molecular cooling of the probe molecules.
Since this cooling is the result of extensive energy exchange between the probe
molecules and the matrix species, and the large molecules such as bradykinin and
insulin are also implanted in this cloud of cold species, molecular cooling of the large

molecules should be expected during the laser desorption and jet formation processes.

It should be noted that the present work emphasizes studies of the jet expansion of
neutrals in LD. However, the results shown above on neutrals also lead us to the
following speculations on ion cooling in LD. It is known that ionic species can be
cooled quite effectively by a neutral beam formed by a nozzle [154,155]. Because of
the similarity of the nozzle jet and the matrix jet for molecular cooling, one would
expect that any ions produced by the desorption laser and entrained into the matrix jet
should also be cooled, providing ions are expanded in a field-free ret - {owever, in

matrix-assisteu laser desorption ionization, ions are often generater: : ¥ an electric
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field. The presence of the field may change the velocities of the ions. But the effect on
neutral jet formation would be minimal because neutral molecules are produced in
greater abundance than ions in LD. There is some experimental evidence [156] which
suggests that collisions between ions and neutrals do take place in the presence of a
high electric field. Since the neutrals are cold molecules, it is conceivable that the ions
may be cooled during the ion extraction step through massive collisions amon g the ions
and neutrals. Clearly, a systematic study is needed to fully elucidate the expansion
process of ions generated by LD. We believe that the method described here can be
extended to expansion studies of ionic and radial species. By monitoring the ionic
species or radicals spectroscopically [154,155], information on the processes of ion

expansion during LD could be obtained.

8.4 Conclusion

We have designed a system to study the molecular properties of neutrals generated by
laser desorption. Using a continuous flow sample probe, problems such as signal
instability and multiple desorption in the same sample spot are avoided. W@ .ve
demonstrated that internal molecular cooling is obtained in the desorptio, -~ _ss,
This cooling may play an important role in preventing the sample from thermal

decomposition.

We have also .xamined the experimental parameters affecting molecular cooling
during jetexp. “.onin LD. It was found that the characteristics of jet expansion in LD
are quite similar to those generated with a pulsed nozzle source. Firstly, in molecular
beam experiments with a nozzle source, cooling is related to the properties of the
carrier gas. In LD, it was shown that cooling was matrix dependent. Matrix molecules

with fewer internal degrees of freedom provide better cooling. Secondly, in a nozzie
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experiment, the extent of cooling is related to the ~xpansion distance. Until a free-flow
region is reached, better cooling is observed as the molecules were probed further away
from the nozzle orifice. In LD, a similar phenomena was observed. If an adequate
expansion was achieved after desorption, very low vibraiional temperatures of the
sample molecules was observed. Thirdly, it was found that cold molecules have a
different spatial distribution compared to hot molecules in LD. Cold molecules were
found at the front of the sample pulse and hot molecules in the tail, similar to the
sample pulse from a pulsed nozzle source. This indicates that the velocity or kinetic
energy distribution is dependent upon molecular cooling. The hot molecules have
lower translational velocities than the cold molecules. Finally, for the molecular
cooling study of large molecules, a mixture of a high molecular weight compound and
a probe molecule was used. The R2PI spectra of the probe molecule revealed that large

molecules are also cooled during expansion in LD.

In summary, although there are several models, including a thermal model and a shock
wave model, being proposed to describe the initial laser desorption process, it appears
that a supersonic jet model can be used to characterize the gas expansion process. In
MALDI, the intact matrix molecules and/or their decomposition products generated by
the desorption laser may serve as an expansion gas to form a jet. Samples are entrained
into this jet. Since the matrix molecules are internally cold, collisions between the
sample and the matrix molecules during expansion provide for extensive energy
transfer from the sample molecules to the matrix molecules. In essence, the matrix
molecules seem to play the same role as the carrier gas in a jet experiment with a

nozzle source.
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Chapter 9

Subpicomole Detection of Large Peptides with
Continuous-Flow Matrix-Assisted Laser Desorptior Tonization
Mass Spectrometry

9.1 Iniroduction

Matrix-assisted laser desorption ionization (MALDI) is a very powerful technique for
the generation of ions from large biochemicals [3,56,124-129]. As described in secticn
1.6, MALDI involves mixing a proper matrix with the sample on a substrate, followed
by laser desorption. The technique provides femtomole sensitivity for a wide range of
biopolymers. Mass measurement accuracy of better than + 0.01% has been
demonstrated with time-of-flight (TOF) mass spectrometers [56]. MALDI has recently
been extended to othr * of mass spectrometers [157-160] and, with these mass
analyzers, much imy ass resolution has heen demonstrated [157-159]. It has
also been shown that, win.  extensive sampl - - '=an-up and preparation, good quality
mass spectra can be obtained from a sample containing salts and buffers [125-127,161 1.

Combined with the simplicity of its operation, MALDI has become a very useful tool

for biochemical analysis.

Currently, MALDI is perfermed from a solid insertion probe. A desired feature of the
technique would be to desorb and ionize molecules directly from a solution. This
would provide an opportunity to use MALDI to study the chemistry of a biological
system, such as the monitoring of an enzymatic reactio 1 solution, without

perturbing its environment. It would also open a new venue to interface MALDI with
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various solution-based separation methods such as liquid chromatogr.. - L.C) and
capillary zone electrophoresis (CZE) for on-line detection and quantitation. For many
biological chemical separations, buffers and salts are routinely used. Because of its
high tolerance towards salts and buffers, LC/MS or CZE/MS based on MALDI would

conceivably require minimum changes in separation conditions.

Recently, our research group demonstrated the feasibility of introducing solution
samples directly into a TOF mass spectrometer for MALDI [162]. It involved the use
of a continuous flow probe to deliver sample and matrix through a capillary tube and
onto a stainless steel frit, upon which laser desorption/ionization was carried out. With
this continuous-flow matrix-assisted laser desorption ionization (CF-MALDD
technique [162], it was shown that flow injection analysis could be performed wir"
liquid matrix, namely 3-nitrol:++.zyl alcohol. The actual setup closely resembled a
LC/MS experiment, but without a column, to nbtain mass spectra of small peptides and
flow-injection ion profiles with sample injections in the 100 picomole region. It was
anticipated that with further modifications, both in the design of the flow probe as well
as in the optimization of the TOF mass spectrometer, the sensitivity of the CF-MALDI

technique could be enhanced.

In this chapter the design of a new flow probe is described [25]. Improved performance
for CF-MALDI in terms of sensitivity, signal stability, and mass resolution is
demonstrated. It is shown that, with the new probe, it is now possible to perform flow
injection analysis of large peptides with molecular weights above 10,000 witi+ € ¢
MALDI and to obtain flow injection ion profiles in the subpicomole regic1. The new
flow probe continuously delivers the liquid matrix (dissolved in a solvent mixture)

through a capillary tube and onto a small, polyimide Kapton surface (DuPont Co.)
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without the use of any frit. An injector placed between the syringe pump and the probe
allows for the on-line injection of large peptides and protein samples. The results
obtained with this new probe demonstrate that CF-MALDI is a promising and

potentially very useful technique for the on-line detection of large biochemicals from

solutions.

9.2 Experimental

Probe Design Consideration: In MALDI, a small amount of sample in the
picomole to femtomole region, loaded onto a solid probe, often yields a mass spectrum
with a good signal-to-noise ratio (static MALDI). The detection limit achieved with
the MALDI technique depends on several factors including ionization efficiency,
detection efficiency, and the sample loading procedure. From a technical point of view,
the major difference between static MALDI and dynamic MALDI (or CF-MALDI) is
the sample loading procedure. In both cases only a small area of the sample is subject
to laser desorption, since the laser beam is normally focused onto a spot size of less
than 500 um in diameter. Thus, the question of how one loads the sample into a small,
confined area on the probe becomes important in determining the overall detection
limit of a MALDI system. In CF-MALDI, the sample is either injected or dissolved
into a carrier solvent containing 3-nitrobenzyl alcohol, and flows continuously over the
probe surface. Consequently, it is expected that the detection limit of the CF-MALDI
method is affected by the probe surface area onto which the solution diffuses.
Diffusion of the sample solution onto a large area on the probe surface would result in a
high detection limit. Other parameters may also play a role in determining the overall
sensitivity, such as the degree of sample adsorption onto the capillary tube or to other

parts of the probe with which the sample solution makes direct contact.
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In order to obtain better detection sensitivity with CF-MALDI it is necessary to
increase the ratio between the area of the sample being desorbed and the total area of
the sample diffused on the probe. There are two major ways of achieving this goal.
Firstly, an increase in the laser beam size would allow a larger sample area to be
desorbed. However, we found that an increase in the beam size above 0.5 mm in
diameter does not enhance the signal intensity significantly [162]. This interesting
finding is carefully being studied to determine whether it is an intrinsic feature of the
MALDI technique with a 3-nitrobenzyl alcohol liquid matrix or if it is merely caused
by certain experimental conditions. Secondly, the above mentioned ratio could be
increased by decreasing the sample probe area. This would allow the sample to flow in
a more confined region on the probe surface. The new flow probe described below is

geared towards this latter strategy. In addition, the stainless steel frit used in our

previous design [162] has been eliminated.

Design of the New Probe: Figure 9.1 shows the design of the new flow probe. A
silica capillary tube (101-ym i.d., 370-um o.d., 38 cm long) (Polymicro Technologies.
Phoenix, AZ) is inserted into a 1.27-cm o.d. and 0.635-cm i.d. stainless steel tube and
extends from the injector to the probe tip. For electrical insulation the end section of
the probe is made of Vespel (~ 2.5-cm long, 2.8-mm o.d. diameter). At the Vespel tip a
piece of Kapton (2.8-mm diameter), with a small hole pierced through the center, is
mounted. The use of the Kapton sheet improves the flow stability, possibly due to the
improvement of surface properties such as the surface flatness over the Vespel material.
The capillary tube protrudes through the hole in the Kapton and is placed no more than
1 mm above the surface. The hole will allow the capillary to slide back and forth but it
is not big enough to allow back flow of the liquid. A piece of filter paper is wrapped

several times around the probe tip to absorb the excess liquid. The flow probe is
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conveniently inserted into the TOF mass spectrometer between the repeller and

extraction plates via a custom-built solid probe lock (Whitey Co., ball valve SS-

63TSWI2T).

Sample Preparation: All chemicals were purchased either from Sigma or Aldrich.
The carrier solvent consists of a mixture of 25% of 0.1% trifluoroacetic acid (TFA),
25% of 95% ethanol, 30 - 35% ethanediol, and 15 - 20 % 3-nitrobcnzyl alcohol (all by
volume). Trypsinogen (6x10-6 M, MW ~ 24, 000) is also added as an internal standard
to the carrier solvent (see below). This entire mixture is filtered through a 0.5 um
PTFE membrane filter and degassed by bubbling helium for 3 minutes. It is
continuously introduced onto the tip of the probe surface at a flow rate of 6 pL/min
with a micro syringe pump (Orion Researzh Inc., Boston, MA). A 60-nL sample
injector (Valco Instruments Co., Houston, TX) is placed in between the pump and flow
probe to perform flow injection analysis. A point heater made of a Nichrome 60
heating coil (Pelican Wire Co., Naples, FL) is placed perpendicular to both the probe
and the flight tube to provide gentle heating to the flowing liquid. The distance
between the heater and probe is about 2 cm. The temperature of the point heater is

about 120°C in the vacuum, although the actual temperature at the probe tip is

unknown.

Time-of-Flight Mass Spectrometry: A reflectron time-of-flight mass
spectrometer (R.M. Jordan Co., Grass Valley, CA) is used for the CF-MALDI
experiments reporied here. This angular reflectron system [17-22] has been described
in section 1.7. In brief, the ionization region of the TOF consists of a repeller and an
extraction grid. Inumediately after ionization, ions will be repelled by the repeller plate

and drawn through the extraction grid. A set of Einzel lenses placed just above the

-176 -



extraction grid can be used for focusing the ions. A pair of deflection plates, i.e. the ion
deflector, is placed above the Einzel lenses to control the trajectory of ions traveling
towards the detector. In addition, a 600 V pulse is applied to one of the deflection
plates in order to reject low mass ions. This is important in CF-MALDI in order to
reduce ion dctection saturation caused by a large number of low mass ions originating
from the 3-NBA matrix solution. The microchannel plate detector takes on the order of
milliseconds to recover after being activated by incoming ions [57]. Since a complete
mass spectrum takes about 150 ps to record it is necessary to deflect the low mass ions,

otherwise the high mass ions of interest will not be effectively detected.

Our system consists of two ion detectors. One is placed behind the reflecting field or
the reflector which is at *he end of the flight tube. In this configuration this system will
function the same as a linear TOF mass spectrometer when the reflecting field is turned
off. When the field is on, ions will be reflected to the other detector, which is placed at
the other end of the flight tube near the extraction grid. The reflector can withstand up
to 5 kV reflecting voltage. Thus, the present design of the reflector is suitable for
reflecting relatively low mass ions. Howe ver, for ions with molecular weights above
10,000 it is generally found that a voltage higher than 5 kV is required to achieve good
detection sensitivity. Therefore, in this study, the reflectron system is operated in a

linear mode.

Laser Desorption: A frequency quadrupled Nd:YAG laser (GCR-3, Spectra-
Physics, CA) which generates 266 nm radiation is used for performing MALDI. The
laser is operated at 10 Hz repetition rate. A convex lens (300 mm focal length) is used
to focus the laser beam to a ~ 0.5 mm diameter spot on the flow probe. The spot size

is estimated by examining the dark image created on a thermal-sensitive paper, which is
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placed on the probe using double sided tape, after the paper has bee: briefly exposed to

the laser beam.

Data Processing: The mass spectrum generated by the laser desorptior process is
recorded with a LeCroy 9400A digital oscilioscope. The analog signz - nreamrlified
25X before being fed into the oscillescop:z. Data produ ed on the asci'” .cope are then
transferred in real time to a PC via GPIB. The data t usfer and data anals s software
was developed in house. The data system is capable of transfurring  d storing
transients up to 20k dara points at a repetitior rate of greater than 1' - from the
oscilloscope to the PC via GPIB. After storing all the mass spectrain inc PC,¢  ra
selective ion or a total ion chromatogram can be established. The display and rag.
of a mass spectrum of interest can readily be done by moving the cursor along the
chromatogram to the point where the mass spectrum is desired. Both the mass
spectrum and the chromatogram can be saved into a text disk file for use by other

commercial software packages for further processing such as mass spectral averaging.

This simple and readily adaptable data system is adequate and useful for many
operations in laser work where relatively hither repetition rates are required. We
recer tly demonstrated the recording and construction of ion chromatograms in
LC/TOFMS with a pulsed sample introduction (PSI) interface [24] and CE-MALDI
[25]. In addition, we showed that the data system cannot only replace the traditional
boxcar integrator for signal monitoring, but also provide multiple ion monitoring for

recording wavelength spectra in laser ionization spectroscopy [24].

Data System Hardware: A one meter cable connects the LeCroy's GPIB port to

the National Instruments model AT-GPIB board inside a PC. The board has a transfer
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speed of 1 MByte/sec. The PC is a generic 486DX33 machine with a 210 MByte hard

drive, 4 MBytes of RAM, a mouise, and a high resolution color monitor.

Data System Software: The application is written in Microsoft Quick C version
2.01 and linked with the LabWindows version 2.2.1 libraries from National
Instruments. The LabWindows software was chosen mainly because its graphical user
interface is easy to configure and has many built in functions. Although a driver for the
LeCroy oscilloscope is in the LabWindows instrumental driver library, it is too slow (2
Hz maximum transfer rate for 20 Kbytes transients) for our work. A high speed
oscilloscope driver was developed and written in C that uses several strategies (see

below) to attain higher transfer speed.

The main goal, in terms of acquiring mass spectral data, was to achieve rapid data

storage. Several techniques were employed to attain this goal:

1. Software double buffering is developed and used in our software so that the GPIB
board can transfer the data from the digitizer to one buffer, while concurrently the
contents of the second buffer is transferred to the disc. After the record has been
transferred, the buffers are swapped and the sequence repeated. The concurrence
of data transfer from the digitizer and simultaneous data storage to the disc means
that the limiting speed of record acquisition is attributed to the rate-determining
step.

2. The seek times for the disc are largely eliminated by buffering the data sent to the
disc drive by a cache controller card. This allows data to fill the buffer, while at
the same time the heads seek the next track and the disc spins to the correct sector.

3. Delays associated with the oscilloscope limit the acquisition speed for small size

records (i.e. record length < 2 Kbyte). These delays are reduced by using single-
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character commands to control the oscilloscope to shorten the set-up time. For
larger size records, the data transfer rate from the LeCroy to the computer limits
the acquisition speed.

4. A further speed increase for all record sizes is possible by disabling the display on
the LeCroy's front panel. In this manner, LeCroy's internal processor can be freed
to deal only with the acquisition and transfer of data, and thus does not have to
calculate display information. However, the present version of the software does
not allow the mass spectrum to be displayed on the computer screen during the
experiment. Nevertheless, the screen can be turned on during the run to
continuously observe the mass spectrum. Compared with the screen-off mode,

running the experiment in the screen-on mode reduces the transfer speed by at least

a factor of 2.

9.3 Results and Discussion

Detection of Large Peptides and Sensitivity: With the new flow probe for
performing CF-MALDI experiments, it is found that mass spectra and flow injection
ion profiles of peptides and proteins with molecular weights exceeding 10,000 can be
obtained. Figure 9.2 shows the mass spectrum of lysozyme, a protein with a molecular
weight of about 14,300, obtained by using flow injection CF-MALDI with a total
sample injection of 2 picomoles. At this low concentration, a singularly charged
molecular ion peak is observed. This is also true for many other peptides studied by
CF-MALDI with a 3-NBA liquid matrix. No fragmentation from the parent ion is
observed. In the low mass range up to m/z ~ 1000 the large signal is mainly from the
matrix molecules. The peak at m/z ~ 24,000 is from trypsinogen. Trypsinogen is
added to the carrier solution as a standard which continuously flows onto the probe.

The use of the standard assists the initial optimization of the flow conditions. During
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the course of the experiment, the molecular ion signal of trypsinogen is carefully
monitored to ensure that experimental conditions such as laser power are not
significant'y changed. This is important in the cases where reproducible results are
essential, such as in flow injection quantitative work. A standard is chosen such that its
molecular ion peak does not overlap with the molecular ion of the sample. It should be

noted that if only a mass spectrum is desired then a standard is not necessary.

With an injection of 2 picomoles of the sample, it is found that, with a laser operating at
10 Hz, more than 500 mass spectra can be obtained. Thus, a flow injection ion profile
can be obtained by calculating and plotting the peak area of the molecular ion as a
function of the elution time. Figure 9.3 shows the ion profile of seven repeated
injections of 2 picomoles of lysozyme. The ion profile is obtained by integrating the
molecular ion peak arca of each mass spectrum collected and summing 10 peak areas to
generate one data point in the ion profile. During the construction of the ion profile,

only the peak areas are summed and no averaging of mass spectra is performed.

As Figure 9.3 illustrates, the ion signal from one sample injection lasts more than 50 s.
The mass spectrum shown in Figure 9.2 is a representative single shot spect-um from
the first injection. The arrow in Figure 9.3 indicates the point from which the mass
spectrum was obtained. In our data system, to select and save a single shot spectrum,
the cursor is moved to the point shown in Figure 9.3. Since each mass spectrum is
assigned a record or file number, any record can be viewed by entering or changing the
record numbcr near or at the point chosen. Since one point in Figure 9.3 results from
the summing of ten individual peak areas, the change of record number to display
different individual mass spectra does not necessarily result in a move of the cursor in

the ion profile. A representative single shot spectrum is shown here to illustrate the
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Figure 9.3 Flow injection ion profiles of lysozyme
(7 repeat injections; 2 picomoles each).
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detection sensitivity of the CF-MALDI method. The exact amount of sample
consumed in generating such a spectrum is unknown. However, realizing that over 500
mass spectra with an average peak intensity similar to that shown in Figure 9.2 can be
obtained, and only a portion of the sample flowing onto the probe surface is actually

being desorbed, much less than 2/500 picomoles or 4 femtomoles of the sauaple are

used for generating one mass spectrum.

Figure 9.4 shows the ion profiles of repeated injections of different amounts of
cytochrome ¢ (MW ~ 12,360). These ion profiles display a reasonably good signal-to-
noise ratio, which again demonstrates that subpicomole detection of these peptides and
proteins is possible with CF-MALDI. A representative single-shot mass spectrum
obtained from a total injection of 3 picomoles of cytochrome ¢ is shown in Figure 9.5.
The total amount consumed for generating such a spectrum is less than 3/500

p:-omoles or 6 femtomoles.

Examples of subpicomole detection of peptides with even higher masses are given in
Figure 9.6. Figure 9.6 is a representative single-shot mass spectrum of chicken egg
albumin with a molecular weight of ~ 44,650 Da. The amount injected is 9 picomoles.
Figure 9.7A shows the corresponding flow injection profile. Smoothing the raw data
can sometimes result in enhancement of the signal-to-noise ratio, as shown in Figure
9.7B. The smoothing algorithm is derived from Marchand and Marmet [163], and is
part of the Igor Software Package (WaveMetrics, Inc.). This smoothing operation, also
called Gaussian filtering, convolves the data with normalized coefficients derived from

Pascal's triangle.
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Figure 9.4 Flow injection ion profiles of different amounts of

cytochrome c (3 repeat injections)
(A) 3 picomoles and (B) 9 picomoles.
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Figure 9.7 (A) Unsmoothed and (B) smoothed flow injection ion
profiles of chicken egg albumin (9 picomole injection).
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Signal Stability and Quantitation: With CF-MALDI, flow injection
experiments can be performed as illustrated in Figures 9.3, 9.4, and 9.7. The peak areas
can sometimes be quite reproducible, as shown in Figure 9.4B. The relative standard
deviation (RSD) in this case is about 1.5%. However, in general, the average RSD is in
the range of 10-20%. As Figures 9.3 and 9.4 illustrate, there are some variations in
both the peak intensities and the peak areas in the ion profiles. Although other factors
such as variation in injection volume and sample loss due to adsorption of sample
molecules on the capillary tube and/or other parts may contribute to these variations,
one major parameter which, we believe, plays an important role here is the flow
conditions. With the aid of a video camera and a video monitor, we took a close look
at the flow on the probe face. We observed some irregular flow patterns on the probe
face from time to time. Notably, it was found that the liquid from the capillary tube did
not necessarily flow in a defined area. Some local disturbances, perhaps from the

solvent evaporation process, were observed.

It is clear that a detailed study is necessary to identify and understand factors that affect
the flow stability. At this stage, some preliminary observations on flow stability are
worth noting. Firstly, the amount of 3-NBA used in preparing the solution is important.
A solution containing 5-20% 3-NBA gives a relatively stable flow. Secondly, high
flow rates often result in narrower peaks in the flow injection experiments.
Unfortunately, high flow rates also decrease the flow stability. In addition, high flow
rates also tend to increase the frequency of replacing the filter paper wrapped around
the probe. But, even at a flow rate of 6 uL/min, a fresh filter can last for more than 3
hours. Thirdly, during several hours of daily operation very stable signals can be
obtained, although the stable period is sometimes unpredictable. This can actually be

seen in Figure 9.3. The Sth, 6th, and 7th injection give reasonably good reproducible
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peak areas. Yet, the second and forth injections generate two peaks with areas larger
than the other five injections. This is also the case for other flow injection experiments
we have performed with this probe. This finding does indicate that highly reproducible
results should be possible if the CF-MALDI process were well understood and

controlled. In particular, flow conditions and other factors necessary for achieving

stable signals must be identified (see chapter 11).

With the new probe, as Figure 9.4 shows, concentration dependence of the signal
intensity can be observed. A plot of total sample injected as a function of peak area for
this compound is shown in Figure 9.8. An order of magnitude of linear response is
obtained. At higher concentrations signal saturation is observed. While the precision
of the method needs to be improved further by optimizing the flow conditions as
discussed above, this preliminary result does indicate that CF-MALDI has the potential

to become an important tool for the quantitation of peptides and proteins.

Mass Resolution: Although the present design of the flow probe does improve the
detection sensitivity and extend the applicability of the CF-MALDI to large peptides, it
does not enhance the mass resolution. Some preliminary observations on mass
resolution are worth noting here. In most reported MALDI work, the ions generated by
the laser expand in a direction parallel to the electric field (parallel extraction). All the
laser-induced ions experience the same electric field. In this manner, one can reduce
the initial spatial distribution of the ions to improve mass resolution. However, in our
experimental setup for CF-MALD, the ions expand in a direction perpendicular to the
electric field (orthogonal extraction) with constant voltages applied to the repeller and
extraction grid. This configuration allows us to flow the liquid into the ionization

region of the TOF without electric breakdown. However, with this configuration, even
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using a very small laser beam size, one would expect some ion spatial distribution,
which would result in poor mass resolution. It should be noted that orthogonal ion
extraction has been reported previously by Spengler and Cotter [129]. In their work,
the ions are extracted by a delayed voltage pulse applied to the acceleration plates. Our
results on large peptides appear to have similar mass resolution to those reported by

Spengler and Cotter [129], although different matrices are used.

We also find that the resolution obtained with CF-MALDI is not degraded when
compared with static MALDI with a 3-NBA matrix. In general, the mass resolution
(t/(20t), where t is the flight time and Jt is the peak width at FWHM) obtained with an
orthogonal jon extraction in a linear TOF in both static and CF-MALDI is in the range
of 5-20. By comparing with the typical mass resolution reported in the literature
[3,56,124-129,164,165], we note that there is a factor of 5-15 times reduction in mass

resolution with the orthogonal configuration we are using.

We recently constructed a new test chamber that allows us to perform both parallel and
orthogonal ion extraction. With this new apparatus, we can directly compare the
performance between these two configurations for ion extraction. We are currently
investigating the possibility of using parallel ion extraction configuration for CF-
MALDI. Recent results from this new mass spectrometer are presented in chapter 11

[26].

While the orthogonal ion extraction configuration seems to provide poor resolution due
to the broad spatial distribution of the ions, another well known factor affecting the
mass resolution is the initial kinetic energy distribution of the ions produced by the

laser. In an attempt to increase the mass resolution by reducing the initial energy

-192 -



distribution, we have performed some CF-MALDI experiments by operating the TOF
system in a reflectron mode. As discussed in the experimental section, our reflectron
TOF system cannot be operated at high voltages. But with low acceleration voltages (<
5 kV), we are able to detect ions from small peptides with molecular weights less than
3000. Figure 9.9A shows the mass spectrum of bacitracin in the molecular ion region
obtained in a linear TOF by continuously flowing the sample to the probe, followed by
laser desorption. Figure 9.9B shows the mass spectrum obtained with the reflectron
system. All experimental conditions are similar to those used for large peptides.
However, a higher sample concentration is used due to the sensitivity reduction
associated with low acceleration voltages. It is clear that the reflectron provides much
better mass resolution. Figure 9.9B reveals that the broad peak observed in the linear

spectrum actually consists of several peaks.

As Figure 9.9B shows, the reflectron system does improve mass resolution for
performing CF-MALD], even with the orthogonal ion extraction configuration. For
small peptides, we find that mass resolution above 100 with our reflectron system can
be obtained. However, whether or not this holds true for high mass ion detection is
unknown at present. Installation of a high voltage reflector to one of our linear TOFs is
planned in order to examine the performance of CF-MALDI in a reflectron mode for

high mass ion detection.

The above mentioned results indicate that a major challenge in the future development
of CF-MALDI in a TOF system is to overcome the poor mass resolution associated
with the current setup. Several areas need to be improved for circumventing this
problem. These include the use of a reflector, the optimization of the ion extraction

configuration, a study of other liquid matrices, and the optimization of the solution

- 193 -



1.0 4
M+H (1424) (A)

o o o
~ ] o]
| 1 I

Relative Intensity

o
N
|

0.0 | I | l L
1200 1300 1400 1500 1600 1700
M/Z

1.0 -
(B)

0.8 -

o
)]
|

=)
»
1

Relative Intensity

©
N
|

0.0 1 1 | } L
1200 1300 1400 1500 1600 1700
M/Z

Figure 9.9 (A) Linear and (B) reflectron TOF Mass Spectra of
bacitracin under CF-MALDI conditions. The molecular
ion region is shown. The flow conditions are the same
as those shown in Figure 9.2.

-194-



composition (see chapter 11). It should also be noted that the extension of the CF-
MALDI method to other types of mass spectrometers [157-160] might be very useful

and worthwhile for improving the mass resolution as well as for MS/MS work.

3-NBA Matrix and Mixture Analysis: It is worth commenting on the
applicability of 3-NBA as a matrix for peptide detection. In CF-MALDI, the matrix
choice is very limited at present. In fact, we find that only 3-NBA works well with our
current experimental setup. Although 3-NBA is not being widely used, there are
several reports of using it for static MALDI experiments [3,166-169]. We have
examined about 50 different peptides and proteins including 24 synthetic peptides with
molecular weights up to 67,000. We have not had any major problems for detecting
signals from 2ll these compounds with the use of 3-NBA as a matrix, except for pepsin.
A mass spectrum of pepsin cannot be obtained with 3-NBA in both static and CF
modes. This is consistent with the results reported by Zhao et al [167] where 3-NBA
was also used as a matrix in a fibrous substrate. Why a mass spectrum for pepsin
cannot be obtained with 3-NBA is unknown at present. Clearly the general
applicability of 3-NBA as a matrix for CF-MALDI needs to be investigated further,

particularly if the technique is to be extended to other types of biomolecules besides

peptides.

MALDI is we!l suited for the direct study of simple mixtures. Figure 9.10A shows the
mass spectrum of a 1 uL solution containing 8 picomoles of lysozyme, 6.5 picomoles
of B-lactoglobulin, and 6 picomoles of trypsinogen, mixed with 1 uL 3-NBA matrix.
The mass spectrum obtained with CF-MALDI is shown in Figure 9.10B. This mixture
was chosen because it was reported that the addition of pepsin to the mixture reduces

the jon signals of these three proteins. We did not observe this ion suppression
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Figure 9.10 (A) Static MALDI and (B) CF-MALDI mass spectra of
a mixture of three proteins: lysozyme, b-lactoglobulin,
and trypsinogen. The matrix is 3-NBA.
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phenomenon in our system with both static MALDI and CF-MALDI. This is not
surprising though in light of the fact that the experimental conditions can affect the
extent of ion suppression. It is known [161] that by choosing a proper matrix and
optimizing the laser conditions as well as the sample preparation procedures, ion
suppression effect can sometimes be reduced, although it would become more difficult
when the mixture becomes more complex. However, it should be noted that in CF-
MALDI with a liquid matrix, another possible complication could arise from the
hydrophobicity of a peptide. It is known that in fast atom bombardment where a liquid
matrix is used, hydrophobicity of a peptide plays an important role on the ion detection
[170]. Whether this is also true in MALDI with the use of liquid matrices such as 3-
NBA, and, if so, to what extent hydrophobicity would affect the ion suppression, needs
to be investizated in the future. In any case, it is clear that combining a solution-based
separation method with MALDI for mixture analysis would reduce or eliminate the ion

suppression problem. This forms the basis for chapter 10.

Fritted and Fritless Probes: The current design of the flow probe does not use a
frit. On the performance of this flow probe and the frit-type probe reported previously
[162], a direct comparison is difficult, at present. However, our work to date indicates
there are some differences in performance between these two probes. It was found that
the frit probe provided somewhat better flow stability. It was relatively easy to obtain
reproducible results. This was particularly true in the initial development of the CF-
MALDI technique. However, after we gained more knowledge on the operation of the
fritless probe reported here, we now do not see much advantage in using a frit to obtain
a stable flow. It seems that it is more difficult to perform flow injection analysis for
large peptides with the frit probe. Occasionally, the frit needs to be replaced with a

new unit, indicating that adsorption of samples and/or other species on the frit occurs.
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There are perhaps two main advantages of using a fritless probe such as the one
reported here. One is the possibility of reducing the probe surface size without much
difficulty in machining. The second one is the possibility of directing the flow to a
confined and, hopefully, smaller region on the probe without much diffusion.
Diffusion is normally found in the case of a frit-type probe. Nevertheless, we believe
that with our increasing experience with CF-MALDI, a reliable probe should be
possible for routine analysis. The current design of the probe shows much promise

and, indeed, is used again in the next chapter to couple on-line liquid chromatography

with CF-MALDI.

9.4 Conclusion

A new flow probe has been developed to provide improved performance for CF-
MALDI. Based on our initial studies with the new flow probe, some important features
of CF-MALDI with regard to sensitivity, signal stability, and mass resolution can be
summarized as follows. First of all, CF-MALDI can provide sensitive detection for
large peptides and proteins. With a total sample injection in the low picomole region, a
flow injection ion profile with a good signal-to-noise ratio can be obtained. For a
single-shot mass spectrum, the total amount of sample consumed is estimated to be
several femtomoles. Secondly, stable flow can be obtained with the new probe as
demonstrated with the flow injection experiments. Results from the signal
concentration dependence study indicates that a linear response of one order of
magnitude can be obtained. Thirdly, the orthogonal ion extraction configuration used
for CF-MALDI seems to provide relatively poor mass resolution. However, much
improved resolution is obtained with the use of a reflectron TOF system, at least for
small peptides. Finally, on the use of 3-NBA as a matrix for CF-MALDI, results

indicate that 3-NBA can be used for ion generation for a variety of peptides and
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proteins. However, in the case of pepsin, a MALDI spectrum cannot be obtained.
Clearly, its applicability still needs to be investigated further. Moreover, searching for

new matrices for CF-MALDI applications appears to be a worthy endeavor.
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Chapter 10

Interfacing On-Line Conventional or Packed Capillary Liquid
Chromatography with Continuous-Flow Matrix-Assisted Laser
Desorption Ionization for the Analysis of Proteins

10.1 Introduction

Marrix-assisted laser desorption ionization (MALDI) has become an extremely
important mass spectrometric technique for high molecular weight determination of
biomolecules. As discussed in section 1.6, a small matrix molecule is mixed with the
sample on a substrate, and the solvent is allowed to evaporate before laser
desorption/ionization is performed. The resulting ions are usually detected with a
time-of-flight mass spectrometer. However, due to the strict sample preparation
procedure, a major disadvantage of MALDI is the difficulty in interfacing it to various
solution-based separation methods, such as liquid chromatography (LC) and capillary

zone electrophoresis (CZE), for on-line complex mixture analysis.

There ~re a number of benefits that could be achieved in combining on-line

chromatography with MALDI:

1. Sample throughput can be increased due to ease of automation.

2. Ion suppression can be reduced. More specifically, in some unfavorable cases a
signal for compound X might not be observed due to the presence of compound
Y. Chromatography would, in principle, remove this ion suppression if

compounds X and Y were separated before the mass spectral analysis.
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3. Quantitation can be easily performed using any one of the standard well-known
analytical methodologies: calibration curve, standard addition, or internal
standardization.

4. Mass spectral quality can be improved by removing interferents with on-line
sample clean up.

5. The LC separation stage can be used to select the analyte of interest for generating

fragment ions in a collision cell (tandem TOFMS).

Several interfaces for combining LC and CZE with MALDI have been reported.
Russell and coworkers developed a technique for producing aerosols from protein
solutions [171,172]. Samples are continuously introduced into a TOFMS at 1 mL/min,
although the detection sensitivity at present is about 100 nmol with a mass resolution
of 5-10. Recently, we demonstrated the feasibility of introducing solution samples
directly (no aerosol formation) into a time-of-flight (TOF) mass spectrometer (MS)
[162]. It involved the use¢ of a continuous flow (CF) probe to deliver sample and
matrix through a capillary tube and onto a stainless steel frit, upon which laser
desorption/ionization was carried out. With this continuous-flow MALDI technique, it
was shown that flow injection analysis could be performed with a liquid matrix. The
actual setup closely resembled a LC/MS experiment, but without a column, to obtain
mass spectra of small peptides and flow-injection ion profiles with sample injections
in the 100 picomole region. In chapter 9, we described a new flow probe and
successfully demonstrated flow injection analysis of large peptides with molecular
weights above 10,000 [25]. Flow injection ion profiles of these biomolecules could be
obtained with a total sample injection of less than 10 picomoles. For a single-shot

mass spectrum, the total amount of sample consumed was estimated to be less than
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several femtomoles. In addition, a seasitivity curve exhibiting a linear response of one

order of magnitude in the low picomole region could be obtained.

In this chapter we report the development of an on-line post-column matrix addition
method to interface a conventional or capillary LC system to CF-MALDI for detection
of high molecular weight biochemicals [27]. The interface consists of a three port
mixing tee, similar to that employed in continuous-flow fast atom bombardment (CF-
FAB) for coupling LC [173,174] or capillary zone electrophoresis (CZE) [174-176].
The effluent from the liquid chromatography system is connected to one port of the
mixing tee. The second port is connected to a syringe pump which continuously feeds
in the MALDI liquid matrix, 3-nitrobenzyl alcohol (3-NBA), in a diluted form. In this
manner the LC effluent is allowed to mix with the liquid matrix. The resulting
mixture flows out of the third port and through a flow probe for CF-MALDI with a
linear TOFMS. Since no matrix is added to the elution solvent, there is no need to
change the LC separation process. In addition, flow rates for LC separation and matrix
introduction can be independently changed and optimized for speed and ion detection
sensitivity. In this chapter, the design of this LC/MALDI/TOFMS system will first be
described. It is shown that the mixing tee does not introduce a significant amount of
dead volume to the LC separation stage. Secondly, it will be demonstrated that low

picomole separation of peptides and proteins can be performed and detected with

LC/MALDI/TOFMS.

10.2 Experimental
CF-MALDI with no LC column
A syringe pump (Harvard Apparatus, Model 11) containing 0.1% trifluoroacetic acid

(TFA) and a 60 nL injector, but no LC column, together served as the sample
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introduction system, as shown in Figure 10.1. A second syringe pump (Sage
Instruments Model 240) contained the liquid MALDI matrix 3-NBA. Both pumps are
connected to the 3-port mixing tee. In this manner, the injected sample mixes with the

matrix while being carried in the flow probe for MALDI.

Conventional HPLC with CF-MALDI

Gradient separations in liquid chromatography with post-column matrix addition were
performed with a Shimadzu LC-600 dual pump system. Figure 10.2 shows the overall
schematic of the LC system. A flow rate of 0.5 mL/min was used on the LC column
(C18 peptide & protein column, 2.1 mm ID X 25 cm). Pump A contained 0.1% TFA,
while pump B consisted of 90:10 acetonitrile:water containing 0.1% TFA. A gradient
was performed from an initiai 40% pump B to 65% pump B in 5 minutes. From 5 to 8
minutes the gradient was increased to 70%, and subsequently held there. A Rheodyne
Model 7125 injection valve with a 20 uL internal loop was used for sample injection.
In order to achieve a sample flow rate of 1-5 puL/min prior to matrix addition, the LC
effluent was split by a tee using two metering valves connected in parallel. This
combination of a fine and coarse metering valve gave reproducible and fine flow rate
control of the LC effluent entering the mixing tee. A detailed schematic diagram of
the mixing tee is shown in Figure 10.3. The LC effluent (2-4 uL/min) was directed
towards the flow probe as a result of the coaxial sheath flow produced by the 3-NBA
matrix solution (5 pL/min). This matrix solution was pumped by a syringe pump
(Harvard Apparatus, Model 11). The combined flow entered a fused silica capillary
tubing (100 um ID x 360 um OD X 45 c¢m), which carries the LC effluent and 3-NBA

matrix to the tip surface of the flow probe, at which point MALDI was carried out.
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Packed Capillary HPLC with CF-MALDI

The LC system used for the packed capillary column employs the above described
high flow rate LC, but with no gradient. Isocratic conditions were used through out
(40% pump B). A schematic of the packed capillary column setup is shown in Figure
10.4. A home built solvent splitter was used to obtain a flow rate compatible for
packed capillary chromatography. The solvent splitter consisted of a tee connected to
a parallel combination of a coarse and fine metering valve, allowing a controllable
flow rate of 2-10 uL/min for the LC separations. The capillary column (Fusica C18, 5
um, 300 A, LC Packings, 320 um ID X 5 cm) was connected directly to a Valco
sample injector (60 nL) with finger tight fittings. To perform the mass spectrometry,
the end of the capillary column was connected directly to the 3-port mixing tee, as

shown in Figure 10.3.

I-acked Capillary HPLC with UV Detection

To obtain a UV chromatogram a piece of capillary tubing (50 um ID X 360 um OD X
60 cm) was connected to the outlet of the LC capillary column, and the other end of
the capillary positioned into a 214 nm UV detector (Waters Quanta 4000 capillary
electrophoresis), as shown in Figure 10.5. At a point 7 cm from the capillary end a 1-
cm portion of the polyimide coating was burned away with a match to yield a clear

quartz surface.

CF-MALDI Time-Of-Flight Mass Spectrometry

The design of the new flow probe, along with the time-of-flight mass spectrometry,
has been described in detail in chapter 9. However, the sample preparation procedure
was slightly modified. Here, the carrier solvent consisted of 15% of 0.1%

trifluoroacetic acid (TFA), 45% ethylene glycol, 25% 1-propanol, and 15% 3-
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nitrobenzyl alcohol (all by volume). Previous experiments employed ethanol, but it

was replaced in this experiment by 1-propanol to take advantage of its higher boiling

point.

10.3 Results and Discussion

Experiments were initially performed with no LC column (i.e. flow injection analysis)
to examine the performance of the interface design (Figure 10.1). A syringe pump in
series with an injector served as the sample introduction system into the 3-port mixing
tee. Figure 10.6A and 10.6B show 4 repeat injections of 8 pmol cytochrome ¢ (MW ~
12380) and 5 repeat injections of 7 pmol lysozyme (MW ~ 14400). The data system
used to generate these flow profiles was described in chapter 9. In brief, all mass
spectra generated during the sample injection were stored in a PC. Ion chromatograms
were generated by integrating the molecular ion peak of the injected sample in each
collected mass spectrum and summing 10 peak areas to generate one point in the ion
profile. These ion profiles display a reasonably good signal-to-noise ratio. The peak
to peak reproducibility varies somewhat, but for the present purpose it is adequate. A
comparison between these ion profiles and those obtained without a 3-port mixing tee

shows that significant peak broadening does not occur.

Consequently, cytochrome ¢ and lysozyme were chosen as model proteins to evaluate
the on-line LC/MALDI/TOFMS system. Figure 10.7A shows a gradient LC/
MALDI/TOFMS ion chromatogram of a separated mixture of these 2 proteins on a
conventional LC column. A 5 nmol injection of each protein was made, with 0.2%
(10 pmol) split to the MS. Ion chromatograms were generated by separately
integrating the molecular ion peak of cytochrome c and lysozyme of each mass

spectrum collected and summing 10 peak areas to generate one point in the ion profile.
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Figure 10.6 ~ CF-MALDI flow injection analysis with
post-matrix addition (no LC column) of
(A) 4 repeat injections of cytochrome c
(8 pmol each) and
(B) 5 repeat injections of lysozyme
(7 pmol each).
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Figure 10.7 On-line gradient separation of cytochrome ¢ and lysozyme
with conventional LC and MALDI/TOFMS detection.
Chromatograms represent 5 nmol injection each with
0.2% (10 pmol) split to MS.

(A) raw data and (B) smoothed data.
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The individual ion chromatograms of cytochrome c and lysozyme were then summed
to generate the total ion chromatogram. The two proteins are clearly well separated,
exhibiting a FWHM between 25-30 seconds. However, the baseline is quite noisy,
even after 10 point averaging. The cause of this noise is most likely due to the flow
conditions. With the aid of a video camera and a video monitor, we took a close look
at the flow on the probe surface. Indeed, some irregular flow patterns were observed
from time to time, thus causing an unstable flow. A local equilibrium among the
continuous liquid flow, absorption of the excess liquid by the filter paper, gentle
heating with the point heater, and the pumping speed of the vacuum pumps must exist
for a stable flow to be achieved. In the present case the flow rate was most likely too
high, causing the liquid not to flow in a well defined area. Figure 10.7B shows the
same ion chromatogram after data smoothing. The smoothing algorithm is derived
from Marchand and Marmet [163], and is part of the Igor Software Package
(WaveMetrics, Inc.). This smoothing operation, also called Gaussian filtering,
convolves the chromatogram with normalized coefficients derived from Pascal's
triangle. For comparison purposes a UV chromatogram of the same mixture is shown
in Figure 10.8. However, the UV chromatogram was not obtained on-line with the
CF-MALDI results, hence a strict comparison cannot be made. Nevertheless, based on
peak shapes and widths, the mixing tee does not introduce a significant amount of

peak broadening or distortion to the LC separation.

Figure 10.9A shows a gradient separation of 3 proteins: cytochrome c, lysozyme, and
myoglobin. The gradient consisted of 35% to 85% pump B in 20 minutes. Although
the signal is quite noisy, again attributed to the flow conditions, it does demonstrate
that complex mixture separations are possible with the mixing tee interface. Figure

10.9B shows the same ion chromatogram after data smoothing.
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The results presented so far have required a high sample split ratio, on the order of
500, in order to avoid overloading the mass spectrometer with excess solvent. We
thus explored the possibility of using packed capillary LC/MALDI/TOFMS. With
slight modifications the methodology applied to the conventional packed column LC
was also applied to the packed capillary column (Figure 10.4). The 3-NBA matrix
solution was added to the mixing tee post-column, and the entire sample mixture
introduced through the flow probe and onto the probe surface. Figure 10.10A again
shows the MALDI/TOFMS ion chromatogram of a separated mixture of cytochrome ¢
(9 pmol) and lysozyme (8 pmol) on a capillary LC column. Figure 10.10B shows the
smoothed data. Unlike the previous LC experiment, the entire sample injected onto
the column was subjected to mass spectrometric analysis. The two proteins are clearly
resolved in the ion chromatogram. For comparison purposes a UV chromatogram of
the same mixture is shown in Figure 10.11. As before, the UV chromatogram was not
obtained on-line with the CF-MALDI results, hence a stiict comparison cannot be
made. Nevertheless, based on peak shapes and widths, the mixing tee does not

introduce a significant amount of peak broadening or distortion to the LC separation.

Mass Resolution: The mass resolution with the CF-MALDI technique in chapter 9
was poor, between 10-20. Unfortunately, the mass resolution with LC/MALDI/
TOFMS has not improved. We believe there are several major reasons for this.
Firstly, the ions are extracted in an orthogonal configuration with constant voltages
applied to the repeller and extraction grid. This simple design allows us to place the
flow probe between these two grids, and consequently flow the liquid into the
ionization region of the TOFMS without electric breakdown. However, this will result
in some ion spatial distribution and degrade the mass resolution, even with a very

small laser beam size. We are currently in the process of performing LC/MALDI in a
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Figure 10.10 On-line isocratic separation of cytochrome ¢ (9 pmol) and
lysozyme (8 pmol) with packed capillary LC and MALDY
TOFMS detection. (A) raw data and (B) smoothed data.
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parallel configuration. The ions generated by the laser will be extracted with an
electric field that is parallel to the flight tube. The reduction in the initial spatial
distribution of the ions should improve the mass resolution. Improved results with

parallel CF-MALDI are presented in chapter 11.

A second factor causing poor mass resolution is the presence of ethylene glycol in the
matrix solution. Ethylene glycol, in conjunction will gentle heating from a point
heater, prevents the flowing solution from freezing in the vacuum. However, current
work in our laboratory indicates that ethylene glycol causes both ion suppression and
saturation of the detector due to the large number of low mass background ions [28].
Although the low mass ions are pulsed away from the detector at the beginning of each
laser pulse, there is an inherent limit to this degree of ion reduction. The large
background in the mass spectra effectively blocks the first 3000 mass units. We have
currently designed a new flow probe with direct heating of the probe tip, thus
eliminating the use of ethylene glycol, in order to reduce the low mass ions. Again,

results with this new design are presented in chapter 11.

Thirdly, the presence of a large number of adduct peaks degrades the mass resolution.
Impurities such as sodium and potassium cause a large number of adducts to be
formed with the protein samples. Solid matrices for MALDI can usually be used to
generate mass spectra virtually free of interfering adducts by carefully controlling the
laser power. However, this is usu:iiy not the case for the liquid matrix 3-NBA, and
more often than not the adduct peaks can be very intense. It becomes more and more
difficult to resolve these adduct peaks with increasing molecular weight, eventually
resulting in oiae broad peak encompassing all the adduct complexes. Again, we are

currently searching for ways to reduce these adduct peaks with 3-NBA. At the same
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time, we plan to add a high voltage ion reflector to improve the instrumental mass

resolution, in order to better resolve the adduct peaks. With high mass resolution,

adduct formation would only be a problem in the case of high molecular weight

proteins.

10.4 Conclusions

1.

Low picomole amounts of proteins can be separated and detected with

LC/MALDI/TOFMS.

The mixing tee interface design does not introduce significant peak broadening or

distortion.

Flow rates for LC and matrix addition can be independently optimized for speed

and ion detection sensitivity.

Mass resolution is currently poor for large proteins. But for small peptides, good

resolution can be obtained with CF-MALDI (see chapter 11).
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Chapter 11

Continuous-Flow Matrix-Assisted Laser Desorption Ionization
of Peptides with Parallel Ion Extraction

11.1 Introduction

Chapters 9 and 10 dealt with the coupling of the continuous flow (CF) technique to
matrix-assisted laser desorption ionization (MALDI) for the detection of proteins.
More specifically, chapter 9 describéd flow injection analysis to introduce solution
samples directly into a time-of-flight mass spectrometer (TOFMS) for MALDI [25].
Chapter 10 dealt with on-line post-column matrix addition to interface liquid
chromatography (LC) with CF-MALDI [27]. Although sensitivity was acceptable

(low-picomole levels), mass resolution was poor, between 10-20.

There are several reasons why mass resolution may have been poor. Firstly, the laser-
induced ions expand in a direction orthogonal to the flight tube, with constant voltages
applied to the repeller and extraction grid. However, this will result in some ion
spatial distribution and degrade the mass resolution, even with a very small laser beam
size. A second factor which may cause poor resolution is the presence of ethylene
glycol in the matrix solution. Ethylene glycol, in conjunction will gentle heating from
a point heater, prevents the flowing solution from freezing in the vacuum. However,
current work in our laboratory indicates that this compound causes ion suppression
[28]. When ethylene glycol is present the laser power must be increased in order to

detect the analyte. This results in high background signals from the low mass ions,
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consequently saturating the detector. Since it takes on the order of milliseconds for the

detector to recover [57], large molecular ions are not effectively detected.

In this chapter we describe a new linear mass spectrometer designed to improve the
mass resolution for CF-MALDI. The laser-induced ions expand in a direction parallel
to the flight tube. Since this reduces the initial spatial distribution of the ions the mass
resolution will correspondingly improve. In addition, the continuous flow probe has
been modified to allow direct heating of the probe tip, thus eliminating the use of
ethylene glycol. The results presented in the chapter are mainly concerned with the

mass accuracy and resolution that may be obtained with flow injection CF-MALDI for

peptides.

11.2 Experimental

Time-of-Flight Mass Spectrometry. Figure 11.1 illustrates the design of the
new linea- TOF with parallel ion extraction. There are four gridless acceleration plates
spaced by 4.7 mm. The voltages applied to the four acceleration plates are 12.0 kV,
10.5 kV, 8.0 kV, and ground, with the ground plate closest to the flight tube. The CF
probe is inserted into the center of the first acceleration plate and held at 12 kV (see
below). During operation of the CF probe the vacuum pressure is normally 1x10-5
Torr in the ionization region and 5x10-6® Torr in the flight tube. The
desorption/ionization laser is a frequency quadrupled Nd:YAG (266 nm) operated at 5

Hz, and strikes the target at 75° to the sample normal.

Flow Probe Design. Figure 11.2 depicts the modified CF-MALDI probe tip. In the
previous design the liquid was allowed to flow onto an insulating smooth Kapton (i.e.

polyimide) surface, upon which desorption/ionization was carried out. In the new
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design the probe tip is constructed of stainless steel. Once the CF probe is inserted into
the mass spectrometer the probe tip makes direct contact with the first acceleration
plate. In this manner, the probe tip is floated to the same voltage as the first

acceleration plate (i.e. 12 kV).

The probe tip and the flow probe body, both constructed of stainless steel, are
electrically insulated from each other with a piece of Vespel, as shown in Figure 11.2.
A silica capillary tube (75-um i.d., 370-um o.d., 45 cm long) (Polymicro Technologies,
Phoenix, AZ) is inserted into the stainless steel tube and extends from the 3-port mixing
tee to the probe tip (see below). An absorbent is placed around the probe tip to absorb

the excess liquid.

Other major changes include the manner in which the probe tip is heated in order to
prevent the flowing solution from freezing in the vacuﬁm. An electrically insulated
probe heater is attached behind the first acceleration plate. This allows direct even
heating of the entire probe tip (~ 65°C). With this particular modification ethylene
glycol is no longer required, hence reducing the production of low mass background
ions. Furthermore, it is not necessary to pulse the deflection plates in order to avoid

detector saturation [57], as previously explained in chapter 9.

Sample Preparation. Most of the chemicals were purchased either from Sigma or
Aldrich. Peptide samples were provided by Synthetic Peptides Inc. at the Univ. of
Alberta. A 3-port mixing tee (described in chapter 10) was used for all of the CF-
MALDI work. The effluent from the liquid chromatography system (0.4 ml / min)
(50% water acidified with trifluoroacetic acid (TFA) and 50% acetonitrile) was split by

a home-built solvent splitter before entering the first port of the mixing tee (0.1 to 1.0
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ML / min). A 60-nL sample injector (Valco Instruments Co., Houston, TX) was placed
in between the LC pumps and the mixing tee to allow for flow injection analysis. Note
that on-line chromatographic separations (as described in chapter 10) with this setup
will be performed in the near future. The second port is connected to a syringe pump
which continuously feeds in the matrix solution at 1.7 uL. / min The matrix solution
contains (by volume): (a) 70% 3-NBA, (b) 25% 1-propanol and (c) 5% water acidified
to pH 2 with TFA, with gramicidin S (4-5 pmol / pL, MW 1142.5) added as a
molecular weight marker. The resulting mixture flows out of the third port and is
directed towards the flow probe. In this manner, the sample is allowed to mix with the

liquid matrix as it travels to the probe tip. All solutions are filtered and degassed.

Flow Stability. Achieving a stable flow is possible over a range of conditions,
similiar to the requirements for CF-FAB [141]. Establishing a thin film and stable flow
are critical in obtaining good resolution mass spectra. A video camera is used to
monitor the liquid flow. Once the CF probe is inserted into the mass spectrometer, a

period of 5-10 minutes is required before a stable flow is achieved, again similar to CF-

FAB.

11.3 Results
Ion Extraction Considerations. Figure 11.3 illustrates the manner in which the

orthogonal versus parallel ion extraction experiments are carried out. In the orthogonal
case (Figure 11.3A) the sample probe is conveniently placed between the repeller and
extraction grids of the TOF mass spectrometer, thus allowing flow of the liquid into the
ionization region without electric breakdown. The laser-induced ions expand
perpendicular to the electric field in the acceleration region. However, the problem

here is that ions will be created in different regions of the electric field due to the finite
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width of the laser beam. Since this results in a spatial distribution of the ions, the
resolution will correspondingly decrease. The solution to this problem is to
desorb/ionize sample molecules from an isoelectric surtace. That is, from a sample
planc which experiences the same electric field at any point on the plane. This is
known as parallel ion extraction and is shown in Figure 11.3B. The laser-induced ions
experience the same electric field as they expand in a direction parallel to the flight

tube. Since the spatial distribution of the ions has been reduced an enhancement in

resolution is expected.

Experiments were initially performed with static MALDI (i.e. no continuous flow) in
order to assess orthogonal versus parallel ion extraction. In static MALDI, the matrix
is mixed with the analyte directly on a small probe tip. The mixture is allowed to dry
before insertion into the mass spectrometer. Figure 11.4A shows the mass spectrum of
bovine insulin B-chain (7 pmol) with a 3-NBA matrix under orthogonal ion extraction
conditions. A single peak is observed with a calculated resolution of 20. Figure 11.4B
shows the same sample obtained under parallel ion extraction. A resolution of 72 is
observed, along with an order of magnitude less sample required for the mass analysis

(0.7 pmol). Clearly, parallel ion extraction is superior in terms of resolution and

sensitivity.

CF-MALDI. Figure 11.5 shows a MALDI mass spectrum of bradykinin (9 pmol
injection) collected under continuous flow conditions with parallel ion extraction. The
resolution is 213 FWHM in this case. The mass resolution observed is generally in the
range of 100-200 FWHM for CF-MALDI on our linear TOF for small peptides (MW <
1500 Da). This is a dramatic improvement in resolution compared to the results

presented in chapter 9 (resolution 10-20). The resolution and sensitivity are dependent
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upon the water/acetonitrile flow rates used for the flow injection analysis. As expected
high flow rates decrease the sensitivity and resolution, and may cause the liquid flow to

become unstable.

Table 11.1 lists the mass accuracy that was observed for a number of peptides using
gramicidin S as an internal standard. The CF-MALDI mass accuracy is typically 0.07
% for small peptides (MW < 1500 Da) with crystalline matrices. For comparison
purposes, the mass accuracy is typically 0.01% for internally calibrated peptides on a
solid insertion probe (i.e. static MALDI) [56,127]. Future improvements to the
resolution with the CF probe would likely cause a corresponding increase in mass

accuracy.

Limitations. Static MALDI performed on a solid insertion probe with a crystalline
matrix yields spectra with a resolution of ~ 500 FWHM, at least for peptides up to ~
10,000 Da. On the other hand, with 3-NBA as a matrix, spectra with a resolution of ~
280 FWHM are obtained (for peptides up to 1500 Da). The reason for this discrepancy
is that 3-NBA tends to form extensive alkali metal adduct ions (mainly M+Na and
M+K). Crystalline MALDI matrices usually yield mass spectra virtually free of
interfering adducts if the laser power if carefully controlled. However, this is usually
not the case for the liquid matrix 3-NBA, and more often than not the adduct peaks can
be very intense. The formation of these adducts becomes increasingly problematic with
increasing mass, thus limiting the wility of the liquid matrix. A broad peak is observed

for peptides greater than ~ 2000 Da, thus severely limiting mass accuracy assignments.

As discussed in chapter 10, we are currently searching for ways to reduce these adduct

peaks with 3-NBA. At the same time, we plan to add a high voltage ion reflector to
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TABLE 11.1
Mass Accuracy Observed For Peptides with CF-MALDI

Average Mass (Da)
Calculated Measured Accuracy
Peptide
M+H M+H (%)
Ac-KLEALEA-AM 814.96 815.9 0.12
Ac-TQDEQFIP-AM 1019.10 1019.3 0.02
Bradykinin 1061.23 1061.5 0.03
LYPVKLYPVK 1220.54 1220.0 0.04
Ac-KLEALEAKLEALEA-AM 1569.84 1571.9 0.13

Ac-: N-terminal acetate

AM-: C-terminal amide



improve the instrumental mass resolution, in order to better resolve the adduct peaks.
With high mass resolution, adduct formation would only be a problem in the case of

high molecular weight biomolecules.

11.4 Conclusions

1. The mass resolution is strongly dependent upon the composition of the matrix
solution. In addition, high water flow rates decrease the resolution, sensitivity
and flow stability.

2. The mass resolution observed for CF-MALDI is generally in the range of 100-
200 on our linear TOF for small peptides (MW < 1500 Da).

3.  The mass accuracy for small peptides (MW < 1500 Da) is typically 0.07% for
CF-MALDI, compared to 0.01% for crystalline matrices.

4. Compared to crystalline matrices, 3-NBA tends to form extensive alkali metal

adduct ions, resulting in a general reduction of mass resolution.
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CHAPTER 12

Summary

The main theme of my research has been to develop novel sample introduction
techniques for laser ionization mass spectrometry. The development of new and more
versatile desorption / ionization sources for both small and large molecules has become
one of the most active research areas in mass spectrometry. In laser-induced MPI,
molecules can be ionized with high efficiency and mass fragmentation patterns can be
readily controlled by adjusting the laser power density and wavelength. With the
discovery of matrix-assisted laser desorption ionization (MALDI) in 1987, the mass
spectrometric analysis of biopolymers in the molecular mass range between a few

thousand to a few hundred thousand Daltons is now possible [3,56].

The first part of this thesis has been mainly focused on the development of SJ
spectroscopy and MPI-MS for the study of small biological molecules (MW < 1000).
MPI and SJS are generally used for probing gas phase molecules, hence in the past both
MPI mass spectrometry and SJS were limited to studies of volatile molecules. In order
to extend these two techniques to the study of thermally labile biochemicals, a method
for desorption / vaporization without thermal decomposition is required. Laser
desorption (L.LD) has been successfully used to introduce biological molecules into a
supersonic jet expansion. However, we were interested in simple alternative methods
to introduce thermally labile and nonvolatile molecules into supersonic jets. Methods
that have been developed and applied in our labs are pulsed fast atom bombardment

(FAB) and pulsed rapid heating (PRH). In the FAB technique fast atoms (Ar or Xe) are
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used to desorb sample molecules. In the PRH technique a heating probe consisting of
an electrically heated plunger driven by a solenoid is used to desorb the sample in 210
pus. Both FAB and PRH can be used to vaporize amino acids, dipeptides, and
polycyclic aromatic hydrocarbons for SJ/MPI mass spectrometry. In addition, the
contact time between the sample and the electrically heated plunger could be varied.
This allowed for some studies on the heating nature of the desorption vs decomposition
processes for tryptophan and tyrosine. In summary, both FAB and PRH are simple and

inexpensive methods, comparable in performance to LD.

Other work was also carried out in relation to SJ/MPI mass spectrometry. A method
was developed to enhance signal intensity without degradation in both the mass
resolution and supersonic jet cooling by using a cylindrical lens instead of a spherical
lens. MPI/MS for the difficult isomer discrimination of substituted PAHs, anilines, and
phenols was studied. Water and ammonia elimination from labile dipeptides was
looked at using PRH and LD. As an application, the PRH technique was used for
obtaining gas phase UV-Visible absorption spectra of thermally labile compounds.
And finally, in order to have a better understanding of the mechanisms involved in LD,
resonant two-photon ionization (R2PI) spectroscopy was used to examine molecular

cooling and supersonic jet formation in LD.

In the second part of this thesis large molecules (MW > 1000) were studied with
MALDI. MALDI has become an extremely import.. 2t mass spectrometric technique
for the high molecular weight determination of biomolecules. A small matrix molecule
is mixed with samples on a substrate, and the solvent is allowed to evaporate before
laser desorption / ionization is performed. However, due to the strict sample

preparation procedure, a major disadvantage of MALDI is the difficulty in interfacing
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to various solution-based separation methods such as liquid chromatography (LC) and
capillary zone electrophoresis (CZE) for on-line complex mixture analysis.
Consequently, we concentrated our efforts in coupling continuous flow (CF) to MALDI
for flow injection analysis of large peptides and proteins. At the same time, a data
system was developed for transferring and storing mass spectra at high repetition rates,
specifically for CF-MALDI, with the help from Larry Coulson in the chemisiry
department. In order to further extend CF-MALDI, the coupling of liquid
chromatography (L.C) to MALDI for the on-line separation and detection of peptides
and proteins was carried out. And finally, current research in our laboratory involving

LC-MALDI with an improved ion extraction geometry was described.

Most of the earlier work covered in this thesis (chapters 2-8) has been published. Some
of the later work on MALDI has either been submitted for publication or will be

submitted in the near future. A list of publications and submissions is provided in

Table 12.1.
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