543.65 WAT 4th ed. ‘ Contact “Library Services” : info@dss.go.th

Contents
=7 - o = xix
Acknowledgments ... s xXiii
Chapter 1  Introduction........... e 1
RN 1 11 o T 11 o o 3
1. The Tools and Data of Mass Spectrometry..........cccoceeriirivcnnrienrcinnninnns 4
2. The Concept of Mass Spectrometry........c.cccov e 4
L o |- o O 9
lll. Some Important Terminology Used In Mass Spectrometry............c..ccconeeee.. 22
I 121 (oo 11 o2 o o Y O U 22
R (o o T T RSO UPPRER TP 22
3. PBAKS .. s e s 23
4. Resolution and Resolving POWET............cccormricierenineiine e v 25
IV. ApPIICAtIONS .ciiiicemmiiiiscnanirmncnesmrismnmt s issnsrrsseas s annssmnssassnansmssssesasasssmnnsasasmanrassmnnnans 28

1. Example 1-1: Interpretation of Fragmentation Patterns
(Mass Spectra) to Distinguish Positional

[=10] £ 4T=T ¢ TP 28
2. Example 1-2: Drug Overdose: Use of GC/MS to Identify

a Drug Metabolite.............cooveeeei e 29
3. Example 1-3: Verification that the Proper Derivative of the

Compound of Interest Has Been Prepared................... 32
4. Example 1-4;: Use of a Cl Mass Spectrum to Complement an

El Mass SPectrum ........cooovicvrnninn e 35
5. Example 1-5: Use of Exact Mass Measurements to Identify

Analytes According to Elemental Composition.............. 37
6. Example 1-6: Is This Protein Phosphorylated? If So, Where? ........... 39

7. Example 1-7:  Clinical Diagnostic Tests Based on Quantitation
of Stable Isotopes by Mass Spectrometry in Lieu

of RadioactiVity ........cccoiviieiieiiiiii e 42

V. The Need for Chromatography .........c.cccceeeirierercmmrrnstsnmrreseriesnsssmssss s eenesssneens 42
VI. Closing ReMArkKS ..........ccoremememeimiiisirnsssenncis i smanseseesesasanansms sssesssasnnmsnmsensannes 44
VIl. Monographs on Mass Spectrometry Published Before 1970 ..........cococveeueus 44
Chapter 2 The Mass Spectrometer ..........ccocecmiirirermssisccnernsisecennnnne. 53
I 1 e Yo [T o o N 55
H. 10N GUIHES .cuuneeceiririnemccr i rstntiess s san s ranas e s sane s st e smame e ane sesmmmntt shananennnssbtnnsanns 56
lll. Types of m/z Analyzers.........ccccccceciimimninseressnmmmress e sesasnmsssssmsessssmmssessemsasssacanes 61
1. Time-of-Flight m/z ANAIYZErs..........cccooiiiieiiiieieer e 62

AL LINBAN . 64

1) Resolving Power of the Linear TOF Instrument...........ccccce....... 65

2) Time-Lag FOCUSING . ...ueveiirceririciires e n s 66

3) Beam Deflection.........ccovviiiiiiviiriiin e 67

B. REflECION ...cccoerrieeee e e 69

C. Orthogonal Acceleration .........c.cccoevveeeiiccccccevec e 74

vii


Training05
Typewritten Text
543.65 WAT 4th ed.

si5-20
Stamp


Contents

D. lon Detection in the TOF Analyzer..........ccooovicenneincee e 75

1) Time-Slice Detection ............ccooiiiiireiecce e 76

2) Time-Array DeteCtion ..........cccoviiiciiiieiiice et 77

3) TAD with Transient Recorders.........c.ccccocceeiecvieiciciiie e, 79

4) TAD with an Integrating Transient Recorder..........ccoocveienennn. 79

5) Hadamard Transform TOF—MS ... ccrinnsrsenen 80

2. QuAadrupole 10N TrapsS ....oocccccririeeeier e er e ee e s e e e re e e s nnes 82
A. 3D QUAdrupole 10N Trap .......ceeevciieinriiiiinenee e seee e e eaas 84

B. Linear Quadrupole 1on Trap (LIT) cc.cceevcicrienicreeeenn e e 97

C. Performance Trade-Offs in the ion Trap........cccoovieiviniiecccen e, 100

3. The OrbIrap ...cove it e e e 103
A HiStoriCal ASPECES ... e 103

B. Operating PrinCiples.........c.occor i 103

1) Role of the C Trap in Success of the Orbitrap .........c.c.ococeeeeeee. 106

2) Figures of Merit for the Orbitrap as an m/z Analyzer................ 107

4. Transmission QUAIUPOIES ........ccveeeeceieiieeeceeceeeeee et 108
A. QMF Equations of Motion ..........ccccccceveiinvecin e, 109

B. The Stability Diagram........c.cccommeminereireie e 110

C. Characteristics of QUIpUL ........cocneiiiii e 111

D. Spectral SKeWING ........eooviiiiiiriicii e e e 113

E. Performance Limitations .......ccco. oo eoicemnieie e e 115

5. Magnetic-Sector INSIruments ..........c.cccovrieciiiicnre e 115
A. Single-Focusing Instruments ...........cccocovviivnniiin e 116

1) Operating PrinCiples «....oooorerriceecr e e 116

2) Magnetic Versus Scanning...........cceecveeerrencinieiiessneeesn e 117

3) Performance Limitations ........ccoceevvieieciiimriinr e 118

B. Double-Focusing InStruments........c.ccccoovirieomvciniiicnnr e 118

B. FTICR-MS e e e e e 122
A. Hardware Configuration.........ccccccovvii i 123

B. Operational Considerations ..........c.coocuuerveeiceininiinene e 126

C. Representative AppliCations ...........cooiiicrririie e 127

7. lon Mobility Spectrometry (IMS) ......cccoeeireciicie e e 128
A. Operating Principles..........oo v 128

B. FAIMS ... e s e s eeaae e s b ree s e 129

C. APPlCALIONS....cci it et e e e 130

IV. Calibration of the m/zZ Scale ........cccccvnmiiminicrrmnec e e 131
1. Electron Iomzation ........cccooocciiii i 132
2. Chemical IoniZation ..........coceeerierei i et e 133
3. Electrospray lonization and APCI Techniques .......c.ccooecceviiinnieneee. 134
. MALDIL ..ttt ettt et et s b e s r e e e aane e 135
V. 10N DeteCtOrs .....co it cnn et rsssers e s e e 136
1. General ConsiderationS........c.ccocivivee ettt s 136
2. Types of DetecCtors ..., 137
A, Faraday CUp ..ot et e 138

B. Electron Multiplier ...t 139

1) Discrete-Dynode Version ..........cocceieciriiceennenine e sneenneene 139

2) Continuous-Dynode VErSIiON.........coeervrcerenenieeneeee s eee e 140

C. Negative-1on Detection ........c.ccoo i e 142

D. Post-Acceleration Detection and Detection of High-Mass lons ...... 143

E. Channel Electron Multiplier Array (CEMA).........occininiveeccrnnencnne. 144

viii



Contents

F. Electro-Optical lon Detection ..o 144

G. The Daly Detector..........occveiecincer ettt e e 145

H. Cryogenic Detectors ........cccccovvveeiiiciein e 146

I.  lonDetectionin FTMS ..o e 147

VI. VACUUM SYSIEMS....ccccimisimnnrrneerscnmssamssannississsinenasessassmmnss snsnssasssssssenssssssnansnenanss 147
IR 10110 o 1¥ T (1] o 1RO TP 147

2. DefiNitIONS........eeeeer e e e 148

3. Pressure GAauges ........cccooirevireeiireessenruieeesaesnes s e snessneassreseeesannanensas 150

A. Thermal-Conductivity GaUges ..........ccccerrrreeinniinre e 150

B. Pirani GAuQe........ccooiiiiiiiiiieiniii ettt sttt e e 150

C. Thermocouple GaUJES ........coccuccerrmrmin e r e esenen 151

4. [0NIZAtION GAUGES......ceeeiiiiiiieriiceeeersiteeeeeser e e e seeeeeeserrees s s eseeessenenenssnne 151

A. Hot-Cathode Gauge..........cccv e reen e e 151

B. Cold-Cathode Gauge........c.cceeveieiceririeeerinenenter e e ce e cne e 151

5. TYPES Of PUMPS ...ttt ettt e e e ee e 152

A. Mechanical Pumps (LOW Vacuum) .........c.ccccceivniiinceescieen s e 152

1) Rotary Vane PUMPS .......cccuiiiriiiiiinecein s e s s 153

2)  SCroll PUMPS ..ottt sre e seeeseeesae st ee e sne e snneeas 154

3) ROOIS PUMPS.. ..ottt et s sar e e e e 155

4) Diaphram PUMPS .....ococo ittt ccevesrere s e s 156

B. High VACUUM ...ttt e 156

1) Turbomolecular PUMPS .......ccccccomiminiie e 156

2)  Oil DIffusion PUMPS....cc.cccciiiiiiiie e et 157

3) Sputter-lon Pumps (Nonregeneratable Getter Pumps)............ 162

Chapter 3 Mass Spectrometry/Mass Spectrometry.......ccccccereeeeeens 173
TR 310« Te (1T e (T 1 175
1. History and the Evolution of the Technique..........cc.coeeveviinniriivcnennn, 175

2. Concept and Definitions .......cccooovveiniiieineein e 176

3. Nomenclature.................... et e heeeareeaae e e e aee e e eanraneae e e e e et e ernraeenanes 177

IR T T 0T E=2=T T o2 =1 (' o . 179
1. Metastable [ONS ... e e 179

2. Collisionally Activated DissOCIAtion .....cc.cccccevcvrinrmeniirccensrveee e s 180

3. Electron Capture DissoCiation ...........ccccccvirmriniii e 181

4. Electron-Transfer DissocCiation..........c.ccccvvevceririeiirmnnnseeenenseeesseeeenans 181

5. lllustrative Example of Qualitative Analysis by MS/MS ...........cccceieenee 184

lll. Instrumentation for MS/MS .........ccicmiiesmimiminasicnir s e ssess sesanssssasesas 184
1. Tandem-in-Space Mass Spectrometry (MS/MS).........ccccccevviviienecinnen. 186

A. Triple-Quadrupole Mass Spectrometer .............cccovnerinniinneccnns 187

B. Q-TOF Hybrid Mass Spectrometer..........ccccccovvveneiicin e, 188

C. TOF-TOF Mass Spectrometer.............ccccccviiiiiiiicceee e 190

D. BEQQ Hybrid Mass Spectrometer..........ccccovvevrriienicecniniecersenneanns 190

E. Double-Focusing INStrument............cccooiiiiiiiiieeeeseeciniieine e 191

2. Tandem-in-Time Mass Spectrometry.........ccccccviviiciieeeccccce e 192

IV. Specialized Techniques and Applications...........ccccicmmmnrmnnnerinisnmnsenns 196
1. IN-S0UICE CAD ...ttt seet et r e e sbee e e e eveens 196

2. CAD in Conjunction with Soft lonization...........c...ccccoevci i, 197

A. Data-Dependent ACQUISItION ......cccceeviiieniiiie e 199



Contents

3. Selected Reaction Monitoring.........ccc.ceeeciie e cciinneccceee e e 199
A. llustrative Example Showing that SRM Has a Higher
Specificity than SiM in Spite of a Lower Signal Strength ................ 199

B. An Example Comparing the Specificity of SRM and SIM in the
Context of Analyzing a Biological Sample for a Drug Metabolite....201

4. Precursor-lon AnalYSIS ........occcciivieie e v er e e e e 204
5. Neutral-Loss (Common Neutral-Loss) Analysis ........ccc.ccovrrevcnrvececnenns 205
6. lon/Molecule REACHIONS .......ccuevveircriiiiiiniieeere et 206
7. Hybrid Instrumentation for MS/MS and lon Mobility

Spectrometry (IMS) ...t 206
V. Analyte Identification from MS/MS Data ........c..cocvvmcrssiminnesecnecenisanissnssncasenn 208
I 114 o (171 (o] o 1A OO 208
2. ldentifying an Unknown Using a Product-lon Mass Spectrum .............. 209
3. Similarities between El and Product-lon Mass Spectra ...........cco......... 214
4. Another Way of Using Substructure Identification..............cccccoerueereenne 215
5. Searching of Product-lon Spectra against Standardized Databases....218
VL. Concluding Remarks about MS/MS............ccccurmmmiicsanisemsmnsmisiessensmnne 220
Chapter4 Inlet Systems......ooueeeiceeee et 229
[ 41 0o T 1T (o o RO 231
L TR = = 1 TN [ = 232
1. Heated Reservoir Inlet.........cooouiiii e 232
2. Direct Inlet Probe (DIP) .....cuooiveeeoiir e rv e e seeseser e 233
A. The Chromatoprobe..........ccoooiiiiieieieien e v e e ceenenee 235
3. Direct Exposure Probe {Desorption Chemical lonization, DCI)............. 236
B Y (011 =Y 1= S PO PPEPS TSN 238
lll. Continuous Inlets..........cccoimreeccimiiiinirr st e s rsene s e e asenssarssnne s manesanns 239
1. Membrane Introduction MS (MIMS) .........cccooeviiriiiirirree e, 239
2. Supercritical Fluid Chromatography (SFC) ..........ccovimvieinniiinenenne 240
3. Electrophoretic INlet............oooiiiiii e 242
IV. lonization Inlet Systems .......c..ooccoi ettt e eeas e e e 244
1. Direct Analysis in Real Time (DART) ..cccoociiiiiieiciee e 245
2. Desorption Electrospray lonization (DESI).........cccoeeiviiereceicceceenee, 247
3. Desorption Atmospheric Pressure Chemical lonization (DAPCI).......... 249
V. Speciality INterfaces..........cccccrerririresnecrreemttssrsce s sesss s rnesm s rensssassssems s e nesanans 249
1. Selected lon Flow Tube Mass Spectrometry (SIFTMS).........ccccoeeeene 249

2. Fast Atom Bombardment (FAB) and Liquid Secondary lon Mass
Spectrometry (LSIMS) ... e 250
3. Chemical Reaction Interface Mass Spectrometry (CRIMS)................. 252
4. Inductively Coupled Plasma Mass Spectrometry (ICPMS) ................... 253
A. Hardware Configuration...........c..ccovveririeiiiecii e 254
B. Operational Considerations ............cccceriiecciirciceninin e 254
C. Electrothermal Vaporization...........cccccoooiriiciinniccnene e 255
D. Laser AbIation .......c.cccuuviiieeciiiiiiiiire et 255
SRS o =Tol - | (To] o U RO 256
F. SUMMANY...oiii e 256
VI. Final Statement...........cccoimmimrriiiinninssnn s sessssttiesssceresssssatnrrscs s seesssassansesassessnas 257



Contents

Chapter 5 Strategies for Data Interpretation

(Other than Fragmentation)........cccccccccuemmmnneeeecmmnmnnnnnes 267
{116 Y 0T (o o OO 269
IIl. Some Important Definitions ...........cccccmniinsiinccnninn e 27

lll. Possible Information That Can Be Obtained from the Mass Spectrum...... 27
IV. Elemental Composition of an lon and the Ratios of Its Isotope Peaks ...... 273
1. Definition of Terms Related to the Matter of Mass Spectrometry ......... 273
2. NItrogen RUIE ...cccooiiiieeree et ava e e s 275
3. Elemental Composition of an lon Based on the Ratio of
Isotope Peak INtensities .......c.eveiiiiieir it e 276
A. Isotope Peak Patterns Used to Determine the Elemental
Composition Of IONS ..........ooiiiieee e 276
B. Isotope Peak Patterns for lons Containing Various
Combinations of Br/Cl........ccoooir et e 279
C. Constraint on the Number of Atoms Allowed for a
GIVEN EIBMENt .....eriiii et 281
D. Relationship of the Charge State of an lon and the
Spacing of the Corresponding Isotope Peaks ..........c..occcererrernnne. 281
1) lons of High Mass-to-Charge Ratio...........c..ccccoceinrciiniinns 282
E. Steps to Assigning an Elemental Composition
Based on Isotope Peak Intensities .........ccccoevvvvvviviecniiieenriiienics 283
F. Validating the Putative Elemental Composition of an lon............... 284
G. An lllustrative Example of the Use of Isotope Peak Ratios to
Determine an Elemental Composition .........cccccccceveeiniiieeecvevieean, 285
H. Potential Problems Arising from Adjacent Peaks ........................... 291
4. Elemental Composition as a Function of an Accurate
Determination of the m/z Value of a Mass Spectral Peak..................... 293
A. Appearance of Mass Spectra of High-m/z Value lons.................... 295
5. Using E! Data to Identify Unknowns Detected During
Analysis by LC/MS ... e e e e 297
6. Does the Result Make Sense?.........cccoceviiriiirennire e 299
V. Identifying the Mass of an Analyte ........c.ccccccrircnnmiinssssrresssastnesnensnssssmsernsnsans 302
1. Recognition of the Peak Representing the Molecular lonin El ............. 304
A. Reasonable Losses from the Molecular lonin El ...............c.oc.e... 305
2. Recognition of the Protonated Molecule (MH") in Soft lonization.......... 305
A. Probable Adducts Observed in the Mass Spectrum
Produced by Soft lonization ... 306
3. Recognition of the Deprotonated Molecule (M — H] ) Peak
iN SOft IONIZAtION ......cooiiiiii et 306
VI. Recognition of Spurious Peaks in the Mass Spectrum............coceccnvrmrcnnen 307
1. NOISE SPIKES ... ettt er e et e e e s e nanrcenee 307
2. Peaks Corresponding to Contaminants in GC/MS and LC/MS............. 307

A. The Phthalate on Peak .........c.ccooieeiieeriiinneccenen e 307

B. GC Column Bleed.........ccoev it e 308

C. CIUSEEI IONS ... i n 308

Vil. Obtaining Structural Information from the Mass Spectrum. ...............cccveun. 308

Xi



Contents

Chapter 6 Electron lonization........c..ccoeemnimmmnnninscmrnnnnnnnesennn. 315
IR 1 1o T LWL e o O 317
. 1oNIZation ProCess......ccciimeeemiiicmininsnsrnissncssssimssssssasesasesan s nnsssmssnsasnanssssoness 317
lil. Strategy for Data Interpretation ......c.cc.ccvnrieimminnmi . 321
1. ASSUMPLIONS..ceiii e r e e e e e e e e nve e e e e e s 321
2. The lonization PrOCESS .....cocccciriieeeecccerr e e e ren e s 321
IV. Types of Fragmentation Pathways..........cccocvcriciiirsrninscmnscniniiienisessssssssensanas 328
1. Sigma-Bond Cleavage ..........ccccovvrrrmiricee e scr s e s 330
2. Homolytic or Radical-Site-Driven Cleavage ........c.c.ccoceeviconrinncnnnnnnne 333
3. Heterolytic or Charge-Site-Driven Cleavage .........c.ccococivniiriminenenennns 335
4. RearrangemeNntS.......coui i ieiiiieeer et ctee et e e s eren e s 337
A. Hydrogen-Shift Rearrangements ........cccoccvrveeesen s eevecr v 338
B. Hydride-Shift Rearrangements ........c.ccccovveereiieesneineseeceesee e 342
V. Representative Fragmentations (Spectra) of Classes of Compounds........... 344
LI o /e [0 To7= 4 o To ] o L 0SSR 345
A. Saturated Hydrocarbons...........cccvceiiiiceiiiiiicc e 345
1) Straight-Chain Hydrocarbons.............ccccceeeeevinvieeeiene s e, 345
2) Branched Hydrocarbons.............cccceeiinininccee e, 348
3) Cyclic Hydrocarbons........ccccvveviiiciiiiiiiiniie e 351
B. Unsaturated ..o e e 353
C. ATOMALIC .. eiiiivcceerreee sttt e e 355
P Y| = 1 o [ PR 363
3. Oxygen-Containing CoOMPOUNTS .........ccceiveriieeeeriiriees e e s e 368
A, Aliphatic AICONOIS .......coicciiirn e 368
B. Aliphatic EThers...........cccciiiiiinnirrer et eeens 372
C. Aromatic AlCONOIS ........c.coviuiiicireie et 376
D. CYClC EINErS ..ooiieii et 381
E. Ketones and Aldehydes ...........ccceveiivieiiniiiii e e 381
F. Aliphatic Acids and Esters .......ccccoovev e, 392
G. Aromatic Acids and ESterS.......cccceeeveirruivicesiresreeieeretese e 402
4. Nitrogen-Containing Compounds..........cccceeveerceecninenvieeersie s seee s 405
A, AlIphatic AMINES ... e e 405
B. Aromatic Compounds Containing Atoms of Nitrogen..................... 414
C. Heterocyclic Nitrogen-Containing Compounds............cccccvveeieeenne 419
D. Nitro COMPOUNTS .....cccooiiiiiiiiiiieie et 419
E. Concluding Remarks on the Mass Spectra of

Nitrogen-Containing Compounds ........cccoveriiinieeiinensnen e esiee s 420
5. Multiple Heteroatoms or Heteroatoms and a Doubie Bond................... 421
6. Trimethylsilyl Derivative..........ccccooivee e e 422
7. Determining the Location of Double Bonds..........ccccceeeieriicicninicneennnne 429
VI. Library Searches and El Mass Spectral Databases ..........ccccerviiiiicnirnncnenens 433
1. Databhases .....coioiiriiiriie ettt e e 433
2. Library Search Programs ........cccccrioemmnmnninncnnenee e 435

3. What To Do When the Spectrum of the Unknown is Not in the
DAtabase(S) ....vveceurerrriirrrierree st sree e s e s e s 439
4. Searching Mulliple Databases...........cccovvviiiiiicmncrciieen e 440
5. Database Size and QUAIITY ..........covivirieeriiiir e e 440
6. Concluding Remarks on the NIST Mass Spectral Search Program .....441
VIl. Summary of Interpretation of El Mass Spectra .........cccuevvccrvccciriscnnisansncannns 442

Xii



Contents

Chapter 7 Chemical lonization........ccccuiiinmmmincmmnnceninen, 449
IR [ 1o Yo (1T 2 ([ o 451
Il. Description of the Chemical lonization Source........c.cccieieececiinciecceecncenes 454
lll. Production of Reagent lons from Various Reagent Gases..........ciouvceercseene 455
IV. Positive-lon Formation Under Cl .....cccoivmmiiinicniccinmminsenneessseenssssnensnns 457
1. FUNDAMENTAIS. ...t e 457
2. Practical Consideration of Proton Affinity in Cl..........ccccoiinciinnvninees 460
3. Selective IoNIZation...........ooecciiiiciiin e 461
4. Fragmentation .........ccccoveeiiiiier e 461
V. Negative-lon Formation under Cl .........cccovrmnrvvcmmiiscmnmiscninesncsssisnssensnns 464
1. True Negative Chemical lonization ............ccccovieeiccinnniin e 464
2. Resonant Electron Capture Negative lonization..........c..cccoeeeerieeecinnnne 465
VI. Data Interpretation and Systematic Studies of Cl.........c.cccrerrmrcenrrnccsennsenes 469
VII. lonization by Charge Exchange............ccoovoiriciinnimmisicmmismnscsincsesnisssssssmsnsnans 470
1. Mechanism of 10nization............cccccerrririinie e 470
2. Fragmentation and Appearance of Mass Spectra...........cccocceeerrieecennee 471
VIIl. Atmospheric Pressure Chemical lonization .........cccrimiciceccccnniommncinnincnas 471
IX. Desorption Chemical IoNization ... 472
X. General Applications........cccccccimeminicninini s s e s s 474
Xl. Concluding Remarks ........ciceerrecmiasirisccrsisissnnmsmsssnnismmsssasssnensastsassnmssssssansssssanses 477
Chapter 8 Electrospray lonization .....c.ccccccccvciiicismmmrecriniccsencnnnnenn, 485
LR 131 (¢ T LV o7 (oY o 487
Il. Operating Principles e EEisEemEssEaesEsELEesreESESERRSSLSRERESENRSSSESESESCRSEREESSESSRSRSESES 487
lll. Appearance of ESI Mass Spectra and Data Interpretation 490
IV. ESI with an m/z Analyzer of High Resolving Power 493
V. Conventional ESI Source Interface............ccovremimnnssmnmsnimsessnsnsnssssscsssnasanaes 494
VI. Nanoelectrospray and Microelectrospray lonization 494
VIil. Desorption Electrospray lonization (DESI) ........cccceeevtmmvinesemsissensssnsarnmmnsens 496
VIlI. Effect of Composition and Flow Rate of an Analyte Solution...........cc.cccuuuec. 499
IX. Special APplICAtIONS ......cccicicinireiiimirceree st sseassss s s s sas s s 500
1. Direct Analysis of lons in Solution by ESI...........ccoooeeciiiiincccinen, 500
2. Cold-Spray lonization .........ccceverrinirne e 501
3. Negative-lon Detection .........ccccvvvioieeiiiieiieeee et 501
4. Secondary Electrospray lonization (SESI) .......ccoccevveiiiierecieeecccieeens 502
5. Kinetic Measurements of Chemical Reactions.............cccccvcveeennivenninns 502
6. ESI Generation of lons for Ancillary Experiments..........c.ccccoeceenieennenn, 502
X. General Applications of ESI................... .. 503
Chapter 9 MALDIL ... s e s s nanee 519
I. Historical Perspective and INtroduction.........ccccoricicmnemnnnrevsmncnssissisnesssnnans 521
Il. Operating PrinCIpIes .....cusrrerccssmsimmssssasansmsanssnsnsmssanssssesssssssnsssssnnsisnssessesasavasss 521
B 0 TN = £ ) PSR STN 521
2. The Laser, m/z Analyzer, and Representative Mass Spectra .................. 525
3. The lonization ProCess ..........cvciiciieeeninvinree e e 529

4. High-Pressure (HP) MALDI and Atmospheric Pressure
(AP) MALDI ..o veecerre e e e serc s ssbe st st sre e e nessras e seaenesaensenn 533



Contents

Hl. Sample Handling.........cocceecmimimcninmsssnissssmsnnsssssnsssssmsisssesnsssmssmssssssnsaassnssmsssnssnnns 535
1. Sample Preparation of the Convent|onal Plate......cccoovvvmrneeneenrcereenns 535

2. The Problem of Analyte Solubility ............ccecoveeniiciinnie e, 537

3. The Problem of Sample Purtity..........cccoeieinenncincc s 537

4, On-Probe Sample Purification and/or Modification ...........cccoccccveeee. 538

A. SAMs and Polymer-Modified Surfaces ...........coeccecrcrrnirrccesencencnnnnns 538

B. Affinity SUMACES.......cccceieiiieeceect e 540

5. Direct ANalysis from GelS.........ccovveriiiererimvrirrese e e 541

6. Hydrogen/Deuterium EXChange..........cccccuvimreeecnnmmnniinnescer e 542

IV. Special Instrumental Techniques 542
1. Post-Source Decay (PSD) ...t e eseecee e 542

P (o1 a T8 =5 o7 €= (o o IO OO PSSR 544

3. Delayed EXtraction (DE).......c.cccuieiiirrmenniniri e escnnsess e e sess s e 545

4. Desorption lonization On Silicon (DIOS).........ccovveirinenenrcererr e 546

5. Tissue Profiling or IMaging...........ccccivvneininiiniireciecis e 547

V. Representative Applications 549
1. Proteins and Peptides ... 549

b |V o] (o] o =YY USSR 549

3. BiOMAIKEIS ...t et st s an 550

4. SYNthetiC POIYMETS.......oi ettt e ccen e s een e 550

5. SMall MOIECUIES ..o e 551

6. QUANTHAHON ..ot et et e 552

7. Combined with Liquid Chromatography..........c.ccccovmnninenccrrereeeenen 553
Chapter 10 Gas Chromatography/Mass Spectrometry................... 571
[ 1410470 T [T o 1 o o 573
I Introduction t0 GC..........iiceieiemrrrinrn s s sans s s s ses e san s asasasmsnns e 575
1. Basic Types of INJECIOIS ... e e e 582

2. Injection Considerations and Syringe Handling...........c.ccooiiiiniien i 583

3. Syringeless Modes of Sample Injection for Fast GC.........ccccceevvnennen. 585

. Sample HaNdIING .......cocoeiimiiminim s sen s sssers s s smss s s e semnssmsa e sammsenss 585
1. Proper Sample Container..........ccocieieiecieeeeiiieee e sieee e e seeesssree e e 585

2. Analyte Isolation and Purification ..........cccooeorniinin e, 587

3. Derivative FOrmation ..........cccccov i iicie i e et 587

A, Silyl DerivatiVes.........ooccoiiiiiii et 588

B. Esters of CarboXyliC ACIHS .....c.ccevervrrreeeceieervrn et e e ser e e 588

C. OxXime DerivaliVesS........cccevii et srvie e en e 589

D. ACYI DeNVALIVES......cccc ittt e 590

E. Derivatives for Characterizing Double Bonds ............cccocviceeccnnnnnns 590

IV. Instrument Requirements for GC/MS..........cccoocrnincrersmmnsmsssmnmmrssesssmssssenanases 590
1. Operating PreSSUIes ........ooccivcieniecirrer e e s 590

2. Typical Parameters for a Conventional GC-MS Interface...................... 593

3. Supersonic Molecular Beam Interface for GC/MS .........ccocvevviienennen. 594

4. Open-Split INterface ......ccuveciiiiiciiiie e 596

5. Molecular Separators .........cccccveiicieiinnie e e s 597

A. Jet-Orifice Separator..........cccoooiiiiie e 597

B. Membrane Separator........ccccoccveivcimier i e 598

6. Inertness of Materials in the Interface...........cccccoveriiiiiciiicccnrcncrceeee 599

Xiv



Contents

V. Operational Considerations ...........cccccccveemrrnsresncrescareeranenssnerssasessssssssnsrassases 601
1. Spectral SKEWING.......ccoioiiii e et e 601
2. Background/BIeed ............ccceeeieeiiiieeiiieee et e et e 602
3. The Need for Rapid Acquisition of Mass Spectra ..........cccccceei e, 604
A. Performance Trade-Offs of Conventional

Instruments for GC/MS ... e 605
B. Time-Array Detection.........cccccouvecvieeciieseie et 605
4. Selected lon Monitoring (SIM).......ccorivrieiiier et s 606
A. Definition and Nomenclature .........cccooviiimrcccincinesiin e 606
B. Development of the Technique........c.cccoeevivie it 607
C. Qualitative Example of SIM .........cccocvivi e e 607
D. Quantitative Example of SIM .....ccooo i 609
E. Mechanics of 1on Monitoring........c.ccceerveieoenic e e 613
1) Adjustment of the Mass Scale.......c..c.ccececerininicncicrciennee 613
2) Mass Range ........ccceiiciiiiicii i e 613
3) Magnetic Mass Spectrometer ...........ccccoviviriiicniniice e 613
4) Transmission Quadrupole Mass Spectrometer............cc......... 614
5) Number of lon Currents (Masses)........cccoecveveevivcnnvccenernseneen. 614
F. Programmable SIM..........cccooorieiiiici e 614
G. SIM at High Resolving Power ... 615
VI, SoUICeS Of EFTOr .....ciocmirercsseerrnnsscsernisisessinessserenssassmnensassassnssasssssssansnnsnsaranessanas 616
1. Errors Relating to Equipment or Procedure .......................................... 616
2. Errors Relating to Contamination ..............cccooiinrnriiincnncmnnnneccienie e 617
3. Sources of INterference........c.cv e e 618
4. Dealing with Background in a Mass Spectrum............ccccoevcvveinivcnnniane 618

A. AMDIS (Automated Mass spectral Deconvolution
and identification System)..........ccoceviiiiiiiincr 622
B. Other Software Techniques..........cc.cocceeicmvniee e 629
Vil. Representative Applications of GC/MS............ccccremiiianennss s 631
VIIl. Special Techniques................... ertieieesrevasareasmeseisasaasrtsaeanaar esasareseane sensananna 631
1. PUrge and Trap ...ttt e crene s e e 631
2. Thermal DeSOrplioN..........cccoivciieii e et s 632
Chapter 11 Liquid Chromatography/Mass Spectrometry ............... 639
L Introduction ... s e e e 641
ll. Historical Milestones in the Development of the Interface.......................... 642
1. INErOAUCHION. ... e 642
2. TheDirect INlet.......co it 642
3. The Moving-Belt Interface...........c.cccociiciiiiinii i 644
4. The Thermospray Interface..........ccoviiiiiinniii e 644
5. ContinUOUS-FIOW FAB ........c.ooiiiiiiiiiic v srce e see e ee s se e 646
Il. Currently Viable Versions of the Interface.......c.ccccnrimninmeneesne. 647
1. Atmospheric Pressure lonization............coccoccviiiiviiicie e 647
A. Electrospray lonization Interface..........cccccoooveririeiiininninncie 647
1) Optimization for Analyses by HPLC ............cccoiiiivneiiceene 648
2) Capillary Electrophoresis Interface...........cccooovvvcerecvnicinviinnnne 650
B. APCIINEMACE ...t e e 650



Contents

ORI Y o o [0 (=1 1 - To - S T OSSR 654
1) Operating Principles of APPL.......o oo 654
2) Operating Mechanics for APPI.......cccccoociiiivincnnenneecnnnnennne 656
3) Signal SUPPIESSION .......coivieciiircreeeniecrre vt e e e see e eaes 657
4) Applications of APPI ... e 658
2. Particle Beam Interface .......cccccvviiiiciniiei e 659
3. Electron lonization and LC/MS ... 661
IV. Special Operation of LC under MS Conditions..........ccccceerivsimiesninnsssnmcncnnn 661
1. Effects of Mobile-Phase Composition ............ccocccveveiivicenvin e e 661
A, Signal SUPPIESSION ....ciiiiiiii e crceerrrie s ce e rerre e aese e sse e aare s aae s resaareeaeeas 662
B. Use of Internal Standards in the Face of
Signal SUPPIESSION ..ottt e s e ne e e enae e e rees 663
C. Adjusting the Chromatography in the Face of Signal
Suppression during LC/MS ... e s veen s 663
D. lon Pairing and Signal Suppression.........ccccccevirecrinnenoiinsssseenenne 663
E. Influence of the Type and the Nature of LC Buffer ......................... 665
F. Influence of Solvent Composition on the ESI Signal............cc..c...... 665
G. Adduct FOrmation ...........cccoiiuiiiiiiiiiccir et 667
H. Spectral INtererence ..........cocoveirceieccvr it 668
I. System COMPromiSe .....ccccvierieirircrere e e e e s e e 668
2. Differences in Method Development for ESI vs APCl ........coevevveennnnnee. 672
V. APPHCAIONS vttt st ete s s s st ama st ar st e s sasnant s s n e s rmsanaseansass 674
1. Attention to High Throughput .........c.cccciiiiiiirinni e 676
Chapter 12 Analysis of Proteins and Other Biopolymers .............. 689
IR 141 To [T 3 (o o R YU 691
| g 0 (= [ =P 691
1. SeqUENCING. ..ottt e e e 693
A. Nomenclature and Fragmentatlon in Sequencing of Peptides ....... 693
1) NOMENCIAIUrE ... e s 693
2) Fragmentation ... e 695
B. Strategy for Deducing Amino Acid Sequence via CAD
Of PePUAES ....ceiiiii ettt 701
1) An lllustrative Example..........cccoooccmnemmnniennnincen e e e 702
2) Possible Pitfalls in Interpretation ..., 705
3) Search for Confirming 10NS .....ccceviiiiiiiie e 706
4) Ladder SeqUENCING ......ccecirereier e ettt e ere e saeseaes 707
2. MASS MaPPING ...ureeeriiimrieiriie et e e et 709
A. Peptide Mass Fingerprinting ..........ccceevvcmmncninne e 709
B. D& novo SEQUENCING........cuiiiciverririeeie e esire e srmn e e 710
C. Sequence TaggiNg......cccccooererietrereee vt eesres e e e et e see s sae s e s e e 710
D, SeQUES ... e e 710
E. Evaluation of Hits in Automated Searches .........c.ccccooveevineniicnnnnns 711
F. Data-Dependent Analysis by Mass Spectrometry ........ccccocceeennee. 712
3. Post-Translational Modifications ..........ccccccviveciimne e 712
A. Recognition of Sites of Protein Phosphorylation............cccceveeee.. 714
1)  An lllustrative Example ..o 715
2) Selective Capture and Detection of Phosphopeptides............. 718
3) Chemical Modification of Phosphorylation Sites ...................... 719

XVi



Contents

B. Recognition of Sites of Sulfation..........c.cccocvrie e 722
C. Recognition of Sites of Glycosylation.............ccccccivecinniiiinicienenn, 723
D. Acetylation of LySine ........c.ccociiiriiiiinn e 724
E. Cysteine Status in Proteins.......c.ccccv i 726
1) Are There Any Disulfide Bonds? ........ccccninnnnnsnnrcnnsecninnnn. 726
2) Which Cysteines Are Free? .......cooovriemienieciienrieence e 727
3) What Is the Linkage of Cysteines in the

Disulfide BONAS? ....cocveiieiieiei e 727

(A) Conventional Proteolytic Mass Mapping
Of DISUIFIAES ... 727
(B) Cyanylation-Based Mass Mapping of Disulfides................. 730
F. Recognition of Ubiquinated Proteins..........cc.c.ccciiniveccivnniiicennnnns 734
G. Other Types of Modifications ..........cccccoeceiiicivniniec e 735
4. Quantitation in Prot€omics ..........cccomirriinrinie e 735
U 07 - N I USROS SRR 735
1) Operating PrinCIpIeS .......ooceeciireiirerr v e e 735
2) lliustrative Example of the ICAT Approach .......ccccccccvviverneennn. 737
3) Analogous to ICAT Methodologies........cccccovverivninicccicvnnrrenee 740
B. Alternative Stable Isotope-Based Methodologies .............c.cceeen.en. 740
C. Related Methodologies ...........cceecrrriirininriecic e 743
5. "Top-Down” Strategies of Analysis........c.cccoconiiiiiininnccrinnieccceen 744
A. Instrumentation and Fragmentation Requirements ........................ 744
B. Electron Capture Dissociation (ECD) ........ccccceveeiiiieeeeceeneecenen e 749
C. Electron-Transfer Dissociation (ETD).......ccccuvevveeviierenvcnenernicienenns 752
D. ApPlCatioNS. ...cooov it 753
6. Noncovalent INteractions..........c.eeverieieineice et 753
7. Folding and Unfolding ........cccccocvvviiiinniniiicne i 756
8. APPHCAUONS ......oeiiiieie et e 759
. OligoNUCIEOtIAES .....ceeeriiritiimmmrsisise e ss s sas s s e s a s s msrannans 760
1. Analytical Considerations ............ccccvicerennmeinncin i e 760
P T Ta [T 11 o (011 o o U P ST 761
A, NOMENCIAIUNE .....oiiiiiiiiii e e 761
B. Algorithm for Data Interpretation.............ccccceeviiiineiiiiiiie e 763
T -V o] [[o7= 1170 ]2 &= TN OO RO URUR 764
IV. Carbohydrates...........ccceciiiaismniiirisemmmmmsissinesssssesenesnssenssssmssmssssensesansnssesannsssasans 765
1. Analytical Considerations .........ccoocccueriemriicriennnir e e 765
2. NOMENCIAIUIE ...t e 765
3. Diagnostic Fragmentation ............ccccooviiiiiiiiin 766
4. APPCALIONS ... e 769
SUDLJECT INAEX....reeeer it s s 803

XVii





