Espectrometria de Massas:

eAnalisadores de massa

® Resolucao e Exatidao de Massa

eDetectores

Alvaro José dos Santos Neto
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,AQ Contém toda a informacao de MS:
A |— Espectro completo (TIC) |

/ ‘/ - fons selecionados (STM)
!

j \ Ou toda a informacdo de MS/MS:
/ \5 - Reacoes especificas (MRM)
" \ - Perda neutra (neutral loss)
/ \ - lons precursores
/ ® - lons produtos
® \
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Diferentes termos em MS:

Massa nominal: a massa calculada para um ion levando
em conta a massa inteira do is6topo mais abundante de
cada elemento.

Massa monoisotdpica: a massa calculada a partir da
massa exata do isotopo mais abundante de cada
elemento.

Massa do ion mais abundante: a massa correspondente
ao pico mais intenso dentro do conjunto de picos
isotopicos de um mesmo composto.

Massa média: € a média ponderada de todos os picos
isotopicos de um determinado composto.
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— Wap,

1. lonizacao dos analitos
2. Selecao/Separacao das m/z dos ion*

3. Deteccao
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Diagra

Modo de lonizagao no Vacuo

Introdulg.:ao dos Interface / Analisador Detector
.ana Itos ' Fonte de ions de Massas

(sistema de
cromatografia)

Exemplos: El, Cl, Pl, MALDI, TSI, FAB, SIMS, FI/FD

Modo de lonizagao a Pressao Atmosférica (API)

Analisador
Detector
-

Exemplos: ESI, APCI, APPI, AP-MALDI, DESI, DART, EASI

Introdug¢ao dos
analitos
(sistema de
cromatografia)

Interface /
Fonte de lons




Tipc
D um espe
o

o Fonte de Analisad Sistema
Interface . — — Detector de
da lons or
Dados
1 El .
- GC lal . ;leutzt:rupolo * Biblioteca
"LC | FAB - TOF
° SFC 1 MALDI  FT-ICR
*1C < ESI .
- CE 1 ApPCl on Trap Sistema de Vacuo:
- DU 1 Thermospray DP or TMP
° ICP < Particle Beam 10_5 ~ 10_8 torr
* Solid probe

- MS/MS - Q/TOF, TOF/TOF
* HRMS
* LRMS
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Figure 3.28 Cross-section of a rotary vacuum pump



ROTOR

Figure 3.30 View of the rotor of a turbomolecular pump
(Source: J.'T. Watson, Introduction to Mass Spectrometry, 3rd edition,
Lippincott-Raven, Philadelphia, 1997, Figure 19.7, p. 431)
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Figure 3.31 Cross-section of a cryopump
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Defini

* Resolucdao de Massa (Mass Resolution)
VS.

* Poder de Resolucao de Massa (Mass Resolving Power — RP)
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Ex.. 10% do vale = FWHM = Full Width at Half Maximum

5% do maximo (Largura total da metade do pico)
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Figure 2.1

Diagram showing the concepts of
peak resolution and valley.



Definicoes de exatidao em MS

* Massa exata (exact mass) = massa isotopica calculada

VS.
 Massa acurada (accurate mass) = massa medida com a
exatidao do equipamento

Erro da medida (Am) = M edida ™ Mexata
(U)

Grau de Exatidao (Degree of accuracy)
=10°x Am/m__. (ppm)



\ CO"

m/z = 28,006148 m/z = 27,994915
Am = 0,011233

Requer grau de exatidao de pelo menos 200 ppm
RP (10% vale) = 2.500

RP (FWHM) = 4.250




— Wap,

* Setor Magnético e Setor Eletrostatico
* Quadrupolo

* lon Trap

* Tempo de Voo

* FT-ICR

* (FT) Orbitrap



Fig. 4.1. Mass spectrometer islands. A cartoon by C. Brunnée. Reproduced from Ref.

with permission. © Elsevier Science, 1987.



o Number of microscans: 1
o ACG target value:
3x103-1x104

o MS/MS events: 12 -15

o lon injection time: 50 - 150 ms

o Normalized Collision Energy:
Minimal Influence

Orbitrap

o Mass resolving power:
30 000 or 60 000

o Monoisotopic precursor selection:
Enabled

o ACG target value:5x 105 -1 x 106

o PreviewMode for FTMS Scan:
Minimal influence

o Dynamic exclusion duration:
Minimal infliiancae



Esquema do LTQ Orbitrap
Orbitrap Mass Analyzer



Source region, transfer optics LTQ Orbitrap mass analyzer ETD source

Electrospray Square igh-pressure  Low-pressure Quadrupole HCD
lonsource  S-lens quadrupcie Octopole mass fiter  Crap  collision cell Transfer multipole  Reagent jon source

|
o= ——

Reagent 1 Reagent 2
heated inlet | heated inlet




A. more robust faster dual trap electronics: > 12 scans/s
interface optics

+ higher dynamic range detection system

Octopode | Mgh Pyascre ol Low Pressery Col

Dectopeayion Sooce | Sdes  Souiee Ouddoepole
with Beam Blocher

G 4#-}_{#'4

Ouadngoie Myas it Clap HCD Codlaion Celt

Tearater Mt goie Reagent lon Source

oompad high-field ! =
Orbitrap analyzer + eFT [ Soagest § Reogent 7 ]

30 mm




ADVANCED ACTIVE

DUAL-PRESSURE
O—— LINEARION TRAP

MS" and sensitive mass analysis
of fragments resulting from CID,
HCD, ETD and EThcD

ETDHD
Improved dynamic range
and detection limits for
ETD/EThcD events

ULTRA-HIGH FIELD ION ROUTING MULTIPOLE
ORBITRAP ANALYZER Enables parallel analysis; alows
HCD at any MS" stage

Offers resolution >500K FWHM and
scan rates up to 20 Hz at 15K FWHM

"L ADVANGED VACUUM TECHNOLOGY

Reduces pressure in UHV region, improving

ION BEAM GUIDE

Prevents neutrals and high
velocity clusters from entening
mass resohving quadrupole

EASY ETD SOURCE

Based on Townsend discharge;
refiable and easy to use

transmission to the Orbitrap analyzer

"L ADVANGED QUADRUPOLE TEGHNOLOGY
Segmented design improves transmission at higher resolution;
symmetric transmission across the isolation window

HIGH CAPACITY TRANSFER TUBE

Increases ion flux into the mass spectrometer

ELECTRODYNAMIC
ION FUNNEL

Focuses ions after High
Capadty Transfer Tube;
broad tuning curves

Figure 1. Hardware benefits.




Quadrupole Mass Filter with
Advanced Quadrupole
Technology (AQT)

Advanced Active

HCD Cell

Beam Guide (AABG)|
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Xevo TQ

Larger sampling cone aperture
and modified ion bock pumping

Xevo TQ-S



AcQuRate™ Detector New Q:li Linear Accelerator “Traj

New QJet® 2 lon Guide Qo0 Q1 Qurved LINAC® Collision Cell

Figure 1. QTRAP® 5500 System lon Path

Metabolite Identification with the New QTRAP ® 5500 LC / MS / MS System : Sensitivity , Selectivity , Speed
& Unique Workflows Overview



Flight Tube with in-flight focussing and
dual stage reflector for Full Sensitivity
Resolution (FSR)

Novel high-definition
10 bit detection system

Broad mass transter
Quadrupole CID cell

Patented dual lon-Funnel
Choice of rugged and  T1Ple-guad like sensitivity
sensitive ion sources
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reflectron:
74% transmission

orthogonal accelerator:
62% for proteomics mass range

7

detector:
~ 30% detection probability
quadrupole and collision cell:
> 90% transmission
digitizer:
zero noise; single ion counting; 50 Gbit/s;
100% efficiency

funnel and transfer multipole:
% transmission
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* Vantagens
— Alta resolucao e exatidao
— Excelente estabilidade = resultados quatitativos

* Desvantagens
— Caro -- Dificil de usar
— Velocidade de varredura limitada (histerese)
— Detectabilidade é dependente da velocidade



ion source flight tube ion detector
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V, (pulsed) ,Laser pulses

Linear mode
’ Reflector detector
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Orthogonal Acceleration
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Orthogonal Acceleration




Orthogonal Acceleration
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Caracteristicas do TOF

— Aquisicao veloz do espectro com sensibilidade

— Virtualmente sem limite de massas (modo sem
reflexao)

— Bom poder de resolucao : 10.000 a 50.000 (rwHwm)

e para melhor RP: ortogonal, DE (delayed extraction)
e refletor

*geralmente < 20.000 (FWHM)
— Grau de Exatidao: 20 a 100 ppm
— Exige calibracao interna para melhorar exatidao
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II=DCVoltage
Veosioth = RF

W = RF Amplitude
w = Frequency

L +/cos(wt)

- U+cos{wt)

Quadrupole rods
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Intervalo de
Massas
“Mass Range”

Tempo de permanéncia

“Dwell time”
Incremento
“Step size” ' A
g 4 tempo
V

Tempo de scan



m/z

Tempo de permanéncia
‘Dwell time”

— % tempo
Y

Periodo da analise




. Caract

—m/z <4000 Da/e
— Baixo RP: 1000-4000 (FWHM)
* geralmente 0,7 a 1,0 Da

— Grau de Exatidao: 100 a 200 ppm
— Baixo custo

— Velocidade de varredura razoavel

— Velocidade de varredura influencia na
detectabilidade
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End-Cap
Electrode

Gate Control
Ring Electrode
Preamplifier
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Electron ¢ sl
Multiplier

Detector




b

—m/z < 6.000 Da/e -
—RP: 1000 a 5000 (FWHM) \I‘i
* Geralmente 0,7 a 1,0 Da “, i

— Grau de Exatidao: 200 a 300 ppi
— Baixo custo
—~MS"(n<4o0ubd)

— Charge-space effects




Electrodes for

axial trapping

 Geralmente usado em
equipamentos hibridos




Ressonancia Ciclotrénica de lons com
Transformada de Fourier (FT-ICR)

Linear lon Trap Data

FTMS Data

<

7 T Actively Shielded
Superconducting Magnet

F

Differentially Pumped by Triple Ported Turbo Pump

ECD Assembly /

IRMPD Laser Assembly




W.M. Keck FTICR Mass Spectrometry Laboratory

W.M. Kock FTICR Mass Spectrometry Laboratory

WA

W.M, Kock FTICR Mass Spectrometry Laboratory
W.M., Keck FTICR Mass Spectrometry Labormtory
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WM., Keck FTIACR Mass Spectrometry Labormory




o

— m/z: <4000 hibrido ou até 70.000 Dal/e
— RP: 100.000 a 1.000.000 (FWHM)
— Exatidao: < 1 ppm (int) ou <1,2 ppm (ext)

— Custo alto Fw""_
— Dificuldade de operacao o

| Dt fin

— Manutencéo |

Trapping

* 150 L He liquido (troca cada 10u aids)
* 100 L N, liquido (troca cada 7 dias)



.

* Aprisionador eletrostatico orbital axialmente harmonico
* Também utiliza FFT
* Mais nova tecnologia de analise de massas (2002)

lon erdrance Cantral alesirode

N

Split outer electrode,

alsa used for delecticn
al image currenl




Orbitrap

My . —*




N

—m/z < 50000 Dale

— Resolucao atée 200.000 (FWHM)
* Geralmente 60.000 ou 100.000

— Exatidao: 1 a 2 ppm (com PI)

— Custo relativamente alto



OH H -0 NY +
N~ S NH,
HCT ﬁ - O OH
OH = NH
N=/
(A) (B) (€)
C16H28NO; CieH16N3O2 Ci14H2oNO3S
282.2069 282.1242 282.1164
82.7 mmu 0.0 7.8 mmu
293 ppm 0.1 ppm 28 ppm




" Comparacao de espectros
] de massas obtidos por
diferentes analisadores:

a)Quadrupolo
b)ToF

¢)Transformada de Fourier
ML‘J\JN\.-A——N-A-—:

(b)

—_—
fa)
-

Relative signal response
1

| | L LC-GC., 2001, 19, 514-523.

I 1 1 | F=3

I
332 334 336 338 340 342 344
Mass (m/z)
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Sgurce: B Caprioli, M Suteer, M. Stosckli: Mass Specmomeny

B M/AM=1.000

m_,./i

T T
Mass

intensity (%)

molecular formula

: , Cro1H145N34044

= 2637

“Sem resolugcao boa nao ha exatidao adequada!”




— Wap,

* Instrumentos para Tandem MS

. (lTriplo" Quadrup0|0 (QQQ)
— lon Trap (IT)

 Convencional
e Linear

— Q-ToF
— Q-lon Trap _

-~ Hibridos

— lon Trap-Orbitrap
— lon Trap-FTICR
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Esquema de um instrumento do tipo “triplo” quadrupolo (QqQ)



Esquema de um instrumento do tipo Ion Trap MS/MS




High Resolution at the Highest Speed

SmartSpeed™ Acquisition - Bovine Insulin, 6+ Charge State

o 956.4416
3 400! 956.2748 956.7758
[72]
1s € 956.1074 956.9427 R=43,750
3 200 957.1093
0.
9560 9565  957.0  957.5

o 956.4419
0 s 956.2745 956.7760
I
Z 956.9427
c 956.1076 —

100 ms 2 20 | S s R=44,020

0 i
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956.4420

§ 400] 956.2751 956.7755
B

10ms| £ 0561076 | | BEE R=44.000
3 200 957.1085

956.0 956.5 957.0 957.5
8 Mass/Charge, amu ©2010 AB SCIEX



High Resolution at Low m/z

10x More Data Points Across a Peak than 4 GHz ADC

40000 1
"
o
)
2
®
=
3
£
0

18

¢ Ultra fast 40 GHz Time

147113 ke
to Digital Converter
R~28,000 (TDC) with 25 ps per
.<— 280 ps
\ ¢ Resolution across the
147.0 147.1 1472 eSS Tl s pr_OVIdeS
m/z, Da more information
831.4964 Content
185.1742
547.3347 717 .4486
246.1921 L Y1 ions of Lys and GIn
il Ll s llis aitalll &3 can be resolved!

200 300 400 500 600 700 800 900 1000 1100
Mass/Charge, Da

© 2010 AB SCIEX
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180000

160000 \\\ ‘\

140000
1™
[
B o N | I
s —Std Orbitrap
o \ «=HF Orbitrap 5kV
100000
£ & \ —7TFTICR
2 80000 \ ==15T FT ICR
& R
60000 A SN —
\\‘ \\
~ —
40000 A —
\’\N~_
20000 —
oy

0
100 1000 \WOO
(a) m/z, Th
High-field orbitrap spectrum
0.76 s acquisition time

100 ;
195.088 0.94 s total cycle time
o %0 R=172001
2 80
S 70
=
29 524.265
< 50 R=105401
Q 40| 262636 1321.985 1521.972 1921.948
£ 50 =145301 R=67201 R=62501 R=56504
& 20 1121.997 [ 1721960 |
% =73101 | ’ l R=59501 |
- rI,J. N T— . " .I | n l |I 1 III . mlz,Th

(b) %200 200 600 800 1000 1200 1400 1600 1800 2000

Figure 2. (a) Resolving power as a function of m/z for different FTMS instruments: Standard Orbitrap
analyzer [4]; high-field Orbitrap analyzer; FT ICR with 7 Tesla superconducting magnet; FT ICR with
15 Tesla superconducting magnet. Acquisition parameters are the same in all cases (0.76 s detection
time, single zero-filling and Kaiser-Bessel apodization). (b) An example of a spectrum with the mass
range m/z 150-2000 acquired using HF Orbitrap.

MAKARQOV ETAL. J Am
Soc Mass Spectrom
2009, 20, 1391-1396



1396 MAKAROV ET AL.

Relative Abundance

Relative Abundance

526.2614

J Am Soc Mass Spectrom 2009, 20, 1391-139
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Figure 6. Ultimate resolving power obtained using 3 s detection time (four times longer comparing

to detection time in Figure 2) and EXTERNAL calibration. Experimental values are

presented on

panels for corresponding m/z. Isotope clusters with fine structure are presented in insets along with

corresponding theoretical patterns normalized to monoisotopic peak.
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Function Instrument need

Full scan sensitivity
SIM or MRM sensitivity
Specificity (MS/MS)

Mass resolution

Quantitation — few compounds

Quantitation —many compounds

High throughput quantitation

Metabolite identification

Degradation products Mass accuracy

Peptide sequencing/protein id Quantitative accuracy

Polymer characterization Linear dynamic range

Data dependent operation Mass range
Characterize FAST LC peaks e n Scan speed
(1-3 s peak widths) Low cost |l
. Best chance of success | Chance of success
M| Good chance of success Not recommended Fonte: Agilent Technologies

Publication #: 5989-5848EN
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Figure 3.27. Faraday cup detector.



Detec
elétrons

|
a lonbeami cohversion

dynode

\ T~ secondary
electrons

1-3kV =

P4 A

) discrete
)_ !
3

dynodes
) J

)

'T electron trap
preamplifier

Fig. 4.57. Discrete dynode electron multipliers. (a) Schematic of a 14-stage SEM. (b) Pho-
tograph of an old-fashioned 16-stage Venetian blind-type SEM clearly showing the resis-
tors and ceramics insulators between the stacking dynodes at its side. (a) Adapted from Ref.
[238] by permission. © Springer-Verlag Heidelberg, 1991.



Det
létron

electrons

W output of secondary
1-2kv elecirons

Fig. 4.58. Schematic of linear channel electron multiplier (a) and curved channel electron
multiplier (b). By courtesy of Waters Corporation, MS Technologies, Manchester, UK..

Fig. 4.59. Photograph of a channeltron multiplier.



De
Icrocanal

Fig. 4.60. MCP detector (shimmering surface) mounted on top of a flange (a) and SEM mi-
crograph of a high resolving MCP showing channels of 2 um diameter (b). By courtesy of
(a) RM. Jordan Company, Grass Valley, CA and of (b) Burle Industries, Baesweiler.

MCP Chevron plate zstack ..
2 5 ‘ 12V
T LTI vz v
1 u' PN -. T \ '. "f. »
ey w—— RN, )
Output current B 132kv

[ege

outpul current

Fig. 4.61. Stacking of MCPs to increase gain. From left: single MCP, Chevron plate, and z-
stack configuration. Note the loss of spacial resolution upon stacking.
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* Analog-to-Digital Converter Systems — ADC

* Time-to-Digital Converter Systems - TDC



Mass peak

® ADC sample

Intensity (Number of ions recorded at each arrival time)

lon arrival time

Figure 4. An ADC can record multiple ions per transient, so it accurately
tracks ion signal intensity.



Second ion of same
nominal mass arrives

Firstion arrives at detector during TDC
at detectorand is dead time and is
recorded. not recorded.

TDC
threshold

Intersity (Number ofions recorded at each arrival ime)
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Figure 6. TOF detector with potentials shown for positive ion operation.
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Figure 5. lons per transient as a function of sample amount, showing
TDC limitations.



40 GHz four channel TDC and detector provide highest sampling
speeds and maintains high resolution — even at
low mass

30kHz accelerator for highest acquisition rate

New entrance optics improves ion beam focusing post LINAC

Accelerator TOF™ Analyzer
improves resolution and sensitivity

15kV acceleration voltage for higher sensitivity and
resolution

High transparency grids throughout for minimal ion loss

Two-stage ion reflector compensates for energy dispersion
to maximize resolution



