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Summary

Mass spectrometry introduction

Sources
Atmospheric Pressure Sources
Laser Desorption Source

Analyzers
Spatial separation analyzers
Time-separated analyzers
Hybrid analyzers

Detectors
Electron multipliers

Micro channel plate
Detectors hybrid

Tandem mass spectrometry
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Application and evolution of mass spectrometry
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Application and evolution of mass spectrometry

244 K. Noguera-Oviedo, D.S. Aga / Journal of Hazardous Materials 316 (2016) 242-251
1970. Synthetic estrogens detected in 1992. Clofibric acid detected in
wastewater by colorimetric reactions [11] groundwater by GC/MS [16]
1974. DBPs identification by GC/MS 1993-1994. Link bel 1 sewage
in water chlorination [12] effluents and endoci e. ~cts[18, 1
! 2002 ISs~ ~forg.  contaminants
instre . (GC/Mm °nd LC/IMS) [1]
1975. Pharmaceuticals & other 1 4. Clofibn. cid
1965. Estrogens in wastewater pollutants detected -~tewate. de “tedin
by UV absorbance [9] by GC/MS ™ drin. g water [18]
ECs research ‘
: t L —e —li— —4 |—Q—0M + Ho—¢ t i

1950 1955 1960 ‘.5 1970 1975 | 198 1985 1990 1995 2000 2005 2010 2015
Instrumentation \
highlights 1984. ESI [15] 1994. Q-TOF MS [6]
wou. ladru, e 38. GC/MS single 1978. QqQ MS [14] 1991. 0a-TOF MS [5]
mass a. 'vzer. quadrople [10]
Wolfgang aul [t

1989. Commercial LC/MS/MS:
lon spray - QqQ [3,4]

1977. Commercial LC/MS 2005. Commercial Orbitrap™ [7]
interface: moving belt [13]

Fig. 1. Timeline highlighting major events in ECs research and related instrumentation development. Numbers in brackets correspond to references. DBPs (disinfection
byproducts), ESI (electrospray ionization), MS (mass spectrometry), QqQ (triple quadruple), 0a-TOF (orthogonal time of flight), Q-TOF (quadrupole time of flight)[8-20].



Application and evolution of mass spectrometry

Imaging mass spectrometry : A new technology for
The analysis of protein expression in mammalian tissues

M. Stoeckli, R Caprioli et coll.
Nature Medicine, 7, 493-496 (2001)

Frozen Section MS Images

Multiplex mass-spectrometry image of a section through a rat kidney taken at 150 pm spatial resolution. Each
color represents an individual peptide or protein of specific mass-to-charge (m/z) ratio. JUNHAI YANG AND
RICHARD CAPRIOLI, MASS SPECTROMETRY RESEARCH CENTER, VANDERBILT UNIVERSITY
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Mass Spectrometry

- Mass definitions
- _Isotope pattern
- Resolution / Accuracy
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INTRODUCTION

v' Mass Spectrometry is a discipline dedicated to the study of the structure and reactivity
of all types of organic molecules, from the simplest to the most complex

v' This technique makes it possible to determine the mass of a molecule or a combination
of molecules. It is also a very effective tool that offers the possibility of probing the
structure of a molecule, and explaining a break or arrangement of a bond in the gas
phase.

v" Among the various analytical methods used in organic chemistry, mass spectrometry has
a privileged place today thanks to these characteristics:

» Unsurpassed sensitivity and detection limit
» Selectivity and rapid quantitative analysis
» a wide range of applications

5

oo g B

Groupe TRACES - LC-MS/MS_application petites moiecuies



What does a mass spectrometer do?

A mass spectrometer measures the mass of molecules.

To do this, the mass spectrometer must perform the following operations:
1- Volatilise

Separate the molecules from each other: we go from the state of condensed matter to a
gaseous state

2- lonize

Transforming molecules into ions, as a mass spectrometer works with electric fields
3- Measure m/z ratios

The molecular weight is calculated from the ratio of mass (m)/number of charges (z)

<

Mass spectrometry = Transformation of molecules in their natural state, into ions in
gaseous state, then sorting the ions according to the mass/charge ratio
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What we want to obtain by mass spectrometry

- Nature of the molecules to be analysed
- lon source to be used < molecular ion
- Analyzers < Resolution, MS/MS

Performance of the equipment < Price

Groupe TRACES - LC-MS/MS_application petites molécules



What does a mass spectrum show?

* The mass spectrum is the two-dimensional representation of the signal
intensity (y-axis) versus m/z (x-axis).
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* ,he re io m: sse over z (charge) is dimensionless: it is calculated from the
limensic...css mass number of a given ion, and the number of its elementary
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What does a mass spectrum show?

MS data collected on an instrument are presented as a profile (a) or centroid (b).
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What does a mass spectrum show?
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What does a mass spectrum show?

Molecular ions, pseudo-molecular ions, adducts and fragment ions
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MASS DEFINITION

* An element is specified by the number of protons in its nucleus.

 This is equivalent to the atomic number Z of the respective element, and thus
determines its place in the periodic table of elements.

* lIsotopes are nucleides that share the same number of protons but have a different
number of neutrons. By extension, a nucleide characterised by its proton number Z and
neutron number N (or mass number A = Z + N) is often referred to as an isotope, but
without distinction as to its spin or energy state

NS —

éléments

N = nombre de proto

A-1

nombre de neutrons =
isotopes (sosies)



MASS DEFINITION

* Nominal mass: calculated using the whole mass of the main isotope of each element
(The integral sum of the nucleons in anatom,C=12,H=1, 0 =16...).

* Average mass / Atomic mass / Chemical mass: calculated using the atomic mass of

each element which takes into account the relative abundance of natural isotopes (C =
12.01115, H=1.00797, O = 15.9994...)

* Monoisotopic mass: calculated using the exact mass of the main isotope of each
element, which takes into account mass defects (C = 12.000000, H = 1.007825, O =
15.994915...)

A mass spectrometer does not separate ions by element but by isotopic mass

In order to successfully interpret a mass spectrum, it is necessary to know the isotopic
masses and their relationship to the atomic weight of the elements, the isotopic abundances
and the resulting isotopic patterns.



MASS DEFINITION

Example of calculation of nominal mass :
Ex : H,0 et NH,* (1H, 160, 14N)

My,0=2X1+1x16=18 Da
Mypgy =14x1+4x1=18Da

C Not possible to differentiate the 2 by their mass

Example of calculation of monoisotopic mass or exact mass :
Ex : H,0 et NH,* (*H = 1,007825 1°0 = 15,994915 N = 14,003074)

Mo = 2 X 1,00783 + 1 x 15,99492 = 18,01058 Da
Mua)® = 14,00307 x 1 + 4 x 1,00783 = 18,03439 Da + 5,23454 = 18,03491Da

Mass of charge

C‘ if difference of 18,01058 : loss H,0
if difference of 18,03491 : adduct NH,*



MASS DEFINITION

Acrylamide : C;H:NO

Nominal mass : 3x12 + 5x1 + 1x14 + 1x16 =71 u
Exact mass : 3x12,0000 + 5x1,0078 + 1x14,0031 + 1x15,9949 =71,037 u
Average mass : 3x12,011 + 5x1,0079 + 1x14,006 + 1x15,9994 = 71,1319 u

Hexatriacontane : C;.H-, Glucagon : C;c3H»,4N45,0:0S
Nominal mass : 506 u Nominal mass : 3480 Da
Exact mass : 506,57 u Exact mass : 3481,6 Da
Average mass : 506,98 u Average mass : 3483,6 Da

- M <1000 Da : Nominal mass or exact mass
-1000 < M < 3000 - 4000 Da : exact mass
- M > 4000 Da : Average mass

17



MASS DEFINITION

OH

Monoisotopic mass or exact mass
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w 2 O T O

12
1
16
14
32

WHAT MASS IS USED ?

12,00000
1,007825
15,9941
14,003
31,97207

Ex : Average mass 2C =0,989 x 12 + 0,011 x 13

329
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349
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37l

54~
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>Fe
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27 4659
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5,80
91,72
2,20
0,28

12,01100
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=G 13,0336

14N 14,Cc 97

N 150¢ 1
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Q 17,9992

H 1,00782

’H 2,01410
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2TAl 26,9815
3ip 30,9738

'8,9
. 0

99,3
0,37

99,76
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0,20
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MASS DEFINITION

Monoisotope, isotopologue and isotopic pattern

* even if the analyte is chemically perfectly pure, it represents a mixture of different
isotopic compositions. Therefore a mass spectrum is normally composed of
superpositions of the mass spectra of all the isotopic species involved, called an
isotope pattern

* The polynomial approach is used for the calculation of isotopic distributions of
polyisotopic elements or for formulae composed of several non-monoisotopic
elements. In general, the isotopic distribution of a molecule can be described by a
polynomial product:

{”‘l + f'i + lﬂ:.; b ]'”{If?| -+ !]1 -+ f;:; s bl }n{-[,'| + [,‘2 + {-':; e Ll jﬂ

-> a,, a,, a;, represent the individual isotopes of an element

-> b, b,, b; represent those of another element and so on until all elements are included
->m, n, o give the number of atoms of these elements as contained in the empirical
formula

Mass spectrometers are usually supplied with software to calculate isotopic distributions.
Programs are also available on the internet



ISOTOPIC PATTERN

Hexadecane : C;(H;, 226 u
P+1 (13C et 2H) = 16x0,011+34x0,00015 = 0,18
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EVOLUTION OF ISOTOPIC PATTERN
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HALOGEN COMPOUNDS

Representation of the isotopic clusters Relative abundance of Cl and Br isotopes

of the combination of 1 to 6 atoms of Cl and/or Br
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OTHER PARTICULAR CASES

Monoisotope, isotopologue and isotopic pattern

Oxygen, silicon and sulphur are polyisotopic elements. Oxygen exists as isotopes 10, 'O
and 80, sulphur as isotopes 325, 33S and 34S, and silicon as isotopes 28Si, 2°Si and 3°Si.

The isotopic profiles of sulphur and silicon are not as characteristic as those of chlorine
and bromine, but their contributions are significant enough to infer their presence in a
molecule.

Si, Si, Si, S, S, S,

o 2 a4 & v z 4 & 0 2 4 &

To check for the presence of S and Si in a mass spectrum, the intensity of X+2 must be
carefully examined: the intensity of this signal will be too high to be caused by the
contribution of 13C2 alone.

A This is no longer noticeable when the carbon number becomes too large



% Intensity
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RESOLUTION AND CALCUL OF RESOLUTION

Resolution (R): The ability of the instrument to separate two ions with masses as
close as possible

R= — Ex : ions at m/z 100 et 100,1 Th
AM alors R = 1000

For an isolated peak, we take for AM the width of the peak at X% of its maximum.
For X=50%, we speak of FWHM (Full Width at Half Maximum) resolution: definition found on
instruments

—r-l Am |-q-—

Rs d’un pic

FWHM

Rs = M du pic
| 50%




RESOLUTION

Resolution and mass accuracy

921 92.061 92.0626

rel. int. [9%]

92.0581

R=1000 R=10.000 R=20.000

* Increasing the resolution does not affect the relative intensity of the peaks.

* Isotopic profiles are not affected by an increase in resolution up to the threshold of
R=100000. Above this, there may be changes due to the separation of different
isotopic species of the same nominal mass.

e Accurate mass measurements depend on the resolving power of the apparatus used,
as good mass accuracy can only be achieved when the peaks are sufficiently resolved.

Only high-resolution measurements can be used to determine empirical
formulae.



RESOLUTION

100
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RESOLUTION

Resolution and mass accuracy

C10H21N403sl

Zoom sur P+2
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RESOLUTION ET PRECISION

Resolution and mass accuracy

M[:I'_M srimental
PTE{:IS[[:JH (ppm) — | [ ciu 2e experimenia E'| x 106
. Mmtmiée

& Instruments must be calibrated to achieve high accuracy in mass

Lock-mass External calibration Internal calibration




RESOLUTION

Possible molecules in C, H, O between 298.0 and 298.2 u

Masses Exact masses Formula

de 298,0 298,047737 16H1 D6 D R=19532
a 298,062994 C, HyoC %

298,1 298,084123 C17111405 / el

298,075,579 Cy1H140,

de 298,1 24 %3,1. 0509 CigH15804

296 13L 77, CyoH150

a ‘ 298,141638 Ci5H,,04

298,156894 Ci9H»,03

29¢ 2 298,178023 C16H2605

| N 298,193280 Cy0H260,




RESOLUTION

Resolution and mass accuracy

Why is important ?

* Access to the exact mass
* Access to raw formulas

* Increase confidence in identification
* Improve accuracy of quantification

Measured
Tolera a) Theoretical mass
mass

37~

37.0z

32.0257

-f-0 2

+/- 0.02

+/- 0.002

CH3OH
N2H4
S

CH30H
N2H4

CH3O0H

31.9898
32.0261
32.0374
31.9721

32.0261
32.0374

32.0261



RESOLUTION

Resolution and mass accuracy

Why is important ?

 [M+H]*=381.0828 Da (Compound containing ¢ ly Ct NSO,

30 39
10 14
5



MASS SPECTROMETRY

Advantages / Disadvantages

Advantages :
e Specificity
* Sensitivity

e Ability to be coupled with separative techniques
* Many applications

Disadvantages :

Mass measurement can only be performed on molecules that have been previously
volatile and ionised molecules

It is therefore necessary to transform a generally liquid or solid sample into a
diluted gas requiring a high vacuum



Mass Spectrometer Components

1 bar =10° Pa

1 atm =1,013 bar
1torr=1mm Hg

Rotary Vane Pumps
Turko pun. s
Diff 1s. 'n pu nps

= 1,333 mbar ,
|
[\t
| A U
Ball (gaz) . Cl Quadrupole Electron
Probe (sc (d, lon Trap multipliers s
dec _iptio ) EL’
€] APCI API TOF Micro
HF <, UFLC, APPI Channel Plate | \ .
nanoLu FTMS
MALDI Orbitrap “Hybrid” S PEELL
Target .
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IONIZATION MODE

2 types of ion sources commonly used

Atmospheric Pressureoniz xtion source

Coupling with /

Tres 4 AN 9
Polaire g

Jd'io) ‘sation.

Polaire | Ou;e A § ‘ pre sion
— Vie isation a* usphérique
A ola e L _‘Oi vﬁe \] ! Poids moléculaire
vl 02 10° 104  10°

strong ionization

soft ionization



IONIZATION MODE

Atmospheric Pressure ionization source

Coupling with Liquid Chromatogr- Jh,

A

Trés
Polaire

Polaire

A ¢ ire | Poids moléculaire

10" 102 10° 104 10°

Source ESI : polar compounds
Source APCI : non-polar compounds
Source APPI : aromatics compounds



IONIZATION MODE : Atmospheric Pressure Sources

What kind of sources are used?

Jonlgue-+———
Electrospray / I¢ -ora -
2
£ The mspray
c
.
APC,
s.P\PI\ /
Apolaire. GOMS ™~

o =% e — I
10t 102 10* 10* 10

Masse moléculaire

]O()




IONS SOURCES

* Atmospheric pressure source : Electrospray, APCI, APPI

* Desorption Laser source: MALDI

o Soft ionization :
- heat sensitive molecules
- IE and IC not possible
- low volatile molecules

- high molecular weight molecules

no or little fragmentation

Groupe TRACES - LC-MS/MS_application petites molécules 40



IONIZATION MODE : Atmospheric Pressure Sources

-
. . 1968 : Malcom Dole =
Electrospray ou electronebullization (ESI) [0 ¢ 2™ _\._
(Nobel Price Chemistry 2002) &\ oY s
AY H
£
ddp (3 a5KV)
Yl
Ga séchage |
lon Evaporatior. N Charged Residues \
o

. CT (&) 1M+H /
Source | \ b + A[WH]
BN

".'.1
=

e
d’ionisat an | L *‘ . - \
Successive solvent evapomnorvooulomn o . l
explosion creates a senes of droplet dis| mlegrfaus [M"’H] ‘ {
3 2 Final Rayleich (%) ) P '0-6
-chuntillon + phase mobile Sy it H‘ “mbars
Diminution de la gouttelette et Explosion
rapprochement des charges coulombienne

et formation de
molécules chargées
désolvatées
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IONIZATION MODE : Atmospheric Pressure Sources

Electrospray or electronebullization (ESI)

The formation of ions is subject to the laws of solution ch~ .iis\ v

No or little fragmentation
Can form both single and multi-charged ions
Access to very high molecular weight m~"_cule: vic ™ 'lti-ch rged ions [M+nH] n+

IV AJ* [M+ H] L[V -3HPP . [M+nH]™

m
Z
+ + 3+ n+
[M+HJ [M+2H ]Z [M+3HJ ______ [M+nH]
1 2 3 n

Groupe TRACES - LC-MS/MS_application petites molécules




IONIZATION MODE : Atmospheric Pressure Sources

Electrospray or electronebullization (ESI)

Determination of the charge state of a compound under studv frc n the n. °ss
spectrum

Isotopic pattern are used

Mass difference brought abc 1t by e yresenc. of 1 isotopeis 1 Da,
so the m/z ratio va~"_s by 1/2

~0.5

50. 5

Am/z=1
Am/z=0.5

502.5

Am/z=0.33

Am/z=1



IONIZATION MODE : Atmospheric Pressure Sources

Charge state and isotopic pattern

A(m/z) = 0.5 Da

Z=2
A(m/z) (Da) z
I I
0.5 2
033 3
0.25 4
02 5

Groupe TRACES - LC-MS/MS_application petites molécules



IONIZATION MODE : Atmospheric Pressure Sources

Electrospray or electronebullization (ESI)

 Masses of 1000 a 10° Da (multi-charged ions) :
- Biopolymers (Proteins, polysaccharides ...)
- Polar polymers
- Supramolecules

e Masses <1000 Da:
Polar, heat-sensitive or non-volatile molecules

* Couplings with chromatography techniques :
- HPLC, nanolLC, UPLC
- Capillary electrophoresis (CZE)
- Maximum flow rate : 200 pl/min (HPLC) a 600 pl/min (UPLC)
300 nl/min (nanolLC)
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ELECTROSPRAY (Source Z-spray (Waters))

_ CLEANABLE
Taylor
cone

X,Y,Z
MANIPULATOR

Meedle tip

ION BRIDGE

EXTRACTION
CONE

ONE GAS ION BLOCK
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MASS SPECTRUM I[N ESI

Types of ions obtained

In positive mode : protonated molecules [M+H]+ or complexed with alkaline ions [M+Na]+,
[M+K]+, [M+NH4]+... as electrospray is applicable to molecules with no ionisable site

* In negative mode : [M-H]

e Sometimes: M*, M~

* Association Molecule - solvent, formation of non-covalent complexes [Solvent + M + H]+

* Formation of multiply charged species [M + nH]"*
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MASS SPECTRUM I[N ESI

Spectrum Electrospray of Reserpine

e 6093 Te3
Hy
0
OCH,
[
CH;
YY)
C,H,N,Oy M=£75,3 Da
% 1
510.3
D T T T T VL T 4154 § T 1 T T ol | T =+ T T T 1 L} T T T T 1 T T T T T b5 | T T T T T T | IrT]"Z
100 150 200 250 300 350 400 450 500 550 600 650 700 750 500 850 900 950 1000
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MASS SPECTRUM IN ESI

Spectrum Electrospray of Gramicidine

U~ 571.3 12e4
(n;‘stumlgcg;;snmaxe;cmnm 5757:‘[33 ”DF"E‘E& Val — Orn — I ~ - Phe Pro
RoIp Ilrn — Phe -Leu Orn - 3l
571.8
572.3 P \ _
k : AN 0, M=1140,7 Da
o o — RIVY:
|
|
11427
b
|
572 4 || %438
11416
g "I""I""I""I""I""I'"‘I""I""I""I"l l"l""l""l""I""I""I""I""I""I'"'l""I""ll""l""l"" m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200
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lonization artefact : Interaction solvent-molecule

100, 832 ? Phosphonic acid H;PO;: M = ¢ * Da

165.1

N
S0 pm

.
{621’P\ Qp-)Im
HO

lonization : ESI +
o Solvent : Methanol / water

115.0

7.0

T o T “ a T
100 110 120 130 140 150 160 170 180 190

S

e
80

T T T R R T T R T e A T e
200 210 220 230 240 250 260 270 280
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lonization artefact : Interaction solvent-molecule

Phosphonic acid H;PO;: M =2 Da

100 1240 ‘|
[ / QI- 1
O
lon.zation : ESI +
Solvent : CH,CN/ water
%,
165.0
124.2
O seoseresresear ettt A L LA L L L] A A B I U B I

90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270
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lonization artefact : Interaction solvent-molecule

Phosphonic acid H;PO;: M = 82 Da 0
[2M+H]" PR

832 + HO
100 MH 1665.1 . . . / H
lonization : ESI + HO
] I V4
Solvent : M- _.ian I /v ate + 1 AF
Elemental Compositic Report
S e Mass A “lys.
1 ~>rance =10.C '‘PM !/ E: min =-5.0, max = 100.0
= .usterpa rs: Separation = 1.0 Abundance = 1.0%
+ MeOH noi.  pic Mas~ Even Electron lons
form. ‘@’ _wated with 1 results within limits (all results (up to 1000) for each mass)
%-| 01751
115.0 23Mars07_05 28 (0.324) AM (Cen,5, 80.00, Ar,5000.0,294.94,0.80,LS 10); Cm (27:48)
124.0165
100+,
|
] 164.9720
1 1124.1640 165.1635
O97.0129 113.0029 1207252 | 140.0214 1540311 | 178,993
100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180
0 Minimum: -5.0
124.0 179.: Maximum: 50.0 10.0 100.0
& /\A Mass Calc. Mass mDa PPM DBE Score Formula
80 90 100 110 120 130 140 150 160 170 18«
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lonization artefact : Interaction solvent-molecule

Phosphonic acid H;PO;: M = 82 Da T

H150pm
oopm 139 pm
wgw —_—
Elemental Composition Report HO™ SH
HO
+ CH3CN ) Single Mass Analysis
. Tolerance = 10.0 PPM |/ DBE: min=-5.0 - x= 0.0
00+ 114'2/ [SGTope cluster parameters: Separatior . ' Abunc 1ce = 7.
Monoisotopic Mass, Even Electron lons _
74 formula(e) evaluated with 1 r><ults withii ‘mits (all 1 ults (up to 00, tor each mass)
0701751
23Mars07_05 28 (0.324 ™ (Cen,5,80.06 ~,500u. = 4,0.80,LS 1u); Cm (27:48)
124.01¢
100 |
|
|
I
.|
| 164.9720
[2N +H
i 124.1640 165.1
0 DWNI28 1130029 1207258 140.0214 154.0311 05-10% 1789030 186
\ 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185
Minimum: -5.0
165.0 Maximum: 50.0 10.0 100.0
Mass Calc. Mass mDa PPM DBE Score Formula
124.0165 124.0164 0.1 0.9 0.5 g C2 H7 N 03 P
124.2
0 H‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘H\ ‘HH‘HH‘H\L\‘L\\H‘HH‘HH‘HH‘HH HH‘HH‘H\\L‘\L\\\‘\\‘\\‘\\H‘HH‘HH‘HHL‘HH‘HH‘H\\‘\\H‘HH‘HH‘HH‘HH‘H\\‘HH‘HH‘HH‘H

90 °100* 110 "“"120"-T30° 140" 150°“'160 170 180 190 200 210 220 230 240 250 260 270 >



IONIZATION MODE : Atmospheric Pressure Sources

Atmospheric pressure chemical ionisation (APCI)

Neutral or moderately polar, volatile compounds of MW<1000 d-'tons
Sample solution vaporised at atmospheric pressure under *' < effe 't of 1e-.
Gas phase ionisation close to that of chemical ionisatic 0

Little or no fragmentation

spray needle / \
, , ana ‘¢/solve ' transfer
(can’ , - -/ ’( € i

capillary
\
st o L
- —

1r(? s (spri )
®o0 so iy N— t° ——

s ]\ spectrometer
l skimmers

pumping

corona
dsicharge
needle

ATMOSPHERIC PRESSUR VACUUM
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IONIZATION MODE : Atmospheric Pressure Sources

Atmospheric pressure chemical ionisation (APCI)

Principle: Production of electrons by corona discharge

Preferential ionisation of the reactant gas

(air or N2) l

Reaction primary ion/polar molecule
(steam; solvent)

l

Spe iesionis 1and aono-charged [M+H]", [M]™ ou [M-H]", [M+OH]"

1975 : D.l. Carroli

analyte (M) and

solvent vapour

spray ’

, needle tip CC ISk
Gaz séchage / rion
—_ . M+H
” 2 Y :... | L )
e e, .2.’
=k "IN ‘.0.0 &
T — —_— .‘\ \. H H.‘O
\corona discharge
Gaz Ve, er region (plasma)
NZ' liseur heater . ck
EXP” ‘SION
H‘O.Hz.o H,0° H,0°
H’,O N 4 N‘
N,O [H,0] H,
; —_
N?
H,0

N, —» e
> e 1 Nz‘ N-‘
. / s
. e
Aiguille corona ( Ht
voltage : 4 3 6KV

Needle Corona




Atmospheric Pressure Chemical lonization (APCI)

e Masses <1000 Da (one charge) :
- Low to medium polar, thermally stable molecules

* Couplings with chromatography techniques:
- HPLC, UPLC
- Capillary electrophoresis (CZE)
- Maximum flow rate : 0,2 a 2 ml/min

e Combined source ESCI
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Atmospheric Pressure Photo lonization (APPI)

i HPLC inle
j I

Nebulizer (. ayer)

Mebulizing gas —

taporizer (heater)

UV lamp 1T Drying gas

Sou:.e PhotoMate
AGILENT
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Atmospheric Pressure Photo lonization (APPI)

120000 Electrospray
1 Mazx: G458
100000 —

80000 —

G000 —
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100000 —
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60000 —
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Matrix Assisted Laser Desorption lonization (MALDI)

Michael Karas Franz Hillenkamp Koichi Tanaka
Prix Nobel de chimie 2002

lonisation of very high molecular weight molecules:
- proteins, synthetic polymers, oligosaccharides...
- masses up to 300 000 Da (limitation of the ToF analyser)

Obtaining the pseudomolecular ion MH+, MNa+...

Extreme sensitivity: picomole, femtomole of deposited sample
- peptides, proteins: 0.1 to 10 pmol
- synthetic polymers: 10-4 M

High salt tolerance (buffers, LC mobile phase)
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Principle of MALDI

@ sample (M) Principle:
Q . - Mix of sample and matrix in excess
matrix . _ .
_ absorption in UV (aromatic compound) -~ Deposit 0.5 to 1 pl of the mix
- donneur de H* (alcool, acide) - Evaporation of the solvent (in air or under
vacuum) cocristallisation

Laser N, (UV)
337 nm, 3 ns hv

\

1 - Impact of photons
2 - Energy propagation
3 - Desorption

The matrix facilitates the desorption and ionisation of high MM samples while
minimising their fragmentation (absorption of the incident laser beam energy)

60
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Preparation of the deposits

Restrictions:

 Sample must be soluble

* Choice of matrix vs sample
 Compatibility of sample and matrix solvents

 Concentration of matrix and sample
e Ratio matrix / sample (10/1, 100/1...)
e Desalting or addition of salts (Na+, K+, Ag+...)

LC-MS :
* Offline : deposit with spotter
e Matrix addition

61
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Matrix used in MALDI

) —
OH \
~ . CH30 j/\ ,&D .
s

N | 2900 |
HO CHat
a-Cyanc-4-hydrosycinnamic 24d Sinapinh  sid
OH
= i 1'/’}| Y = o
. N
s S -
OH
O HO
Picolen 3¢ roxyp EnaC @/ Calieic acid
Pyrﬂ:;ﬁtbax - acic 3-H, oxy-2 Tidir _arboxylic acid 3.4-Ditwdroxycinnamic acid
O '8 COOH
e Cpmen—Cp-on
HO” X TS o
46Ty Jroxyacetophenone 2+(a-hydroxyphenylazo)benzcic acid

they absorb at 337nm and crystallize easily
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Differents sources for differents applications

AP/MALDI APV/Electrospra>

\

10,000

100 'I

H‘%{_
nonpolar very polar

Analyte Polarity

Molecular Weight
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Differents sources for differents applications

|dd
0TvW

0dV

153

Proteins./peptides [ I | ]
Matural products | ||| non-volatile Y
\
Forensics || |l |{I@| | thermally unstable IR | Best  ance of Success
Pharmaceuticals | || ||| volatile and stable @[l
W Good Chance of Success
Environmental | [l | I | 0 | ch e
Ance o0 UCCass
Polymers il | wersep. |\ o«
Carbohydrates mr wmaipha (R W] Mot Applicable
DNA 2 N s exclusio [ U™
Organic Chemistry | _ | wpaire | |h_ (Ml
sl RS SF
3ro \ nin (/|
“ed/Basic | @ t - o4ami/min |||
si=ghols. wul_ (R V|= 5-20 wl/min |00 |00 | IH| 0
Pa.. N | less than 0.1 ul [ 1|
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Interface Source -> Vacuum

To pass the ions formed at atmospheric pressure into the vacuum chamber of the
mass spectrometer analyser, a device called an INTERFACE is required

1 atm

Pression atmosphérique
(milieu visqueux,

JDL. Nin_ 0.
inthe 3s hase

Interface

Y 1T mba

. ‘mpe *puis .nt

Transmission
and

Analys. r

106 mbar

Vide poussé

lon separation as
a function of m/z

focusing of ions

Eliminate as many neutrals as possible
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Analyzers

- Spatial separation analyzers (quadrupole, ToF)

- Time-separated analyzers (Trap, Orbitrap)

-‘Hybrid analyzers (QToF, QTrap, QqQ, Q-Orbitrap)
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ANALYZERS

Role: To separate ions according to their mass/charge ratio

The ions produced are extracted and pass through the spectrometer without being
discharged, or without colliding with other molecules.
They are separated in space or in time.

mmmm) Need a high vacuum

Optimise the lens parameters in the analyzer to allow ions of given m/z to go to the
detector

Main qualities of an analyzer :

*  Resolution R

* The m/zrange it can analyze
* Speed of scan in m/z

* Sensitivity

* Transmission



ANALYSERS: THE QUADRUPOLE ANALYSER

Principle

P _.entie - appliqués aux 2 paires d'électrodes :
+{,= +(U-Vcos wt)
-¢, = -(U-Vcos wt)

ag o, =

source — —@
M .des .. ba wag.

M. 1e sca : acquisition de toutes les masses sur une plage donnée
Maode 5iM : sélection de quelques masses d'intérét (meilleur S/N)



ANALYSERS: TIME OF FLIGHT

* Unlimited mass range

e Speed acquisition and high

* lon package acquisition(ESI with pusher)

* Higher resolution than quadrupole: R = 5000 — 60 000 (FWHM)

Source Time of flig! *
1@ : ® Co
lons package |O
—5L° @, ; g @0 % Detector
O e O
@O0 @ ® © — 7 “
_ o o Q° 7
° O, C@ 7
A D
/, >C >oe ) V, : acceleration voltage

D : flight length (0,5 to 3m)

Principle of ToF — Detection in linear mode (low resolution)



ANALYSERS: TIME OF FLIGHT

Time of flight (us)

Kinetic energy E_ :

Time of flight : t, =

At V=30kV :
w
m (Da)
1000
5000
10 000
50 000

100 000

0,5
6,58
14,7
20,8
46,5

65,8

2 -
=2V,

1,0
13,1
29,4
41,6
93,0

131,5

. m :ion mass

.vand z : speed and ion charge.
. E=2V, : electric field

. D : flight length

m 2V

1,5
19,7
44,1
62,4
139,0

197,0



ANALYSERS: TIME OF FLIGHT

Improved resolution on a ToF
Why ?

Limiting factors :
* lon formation time during ionization
* Position of the ions in the source before acceleration
* |nitial velocity distribution
* Multiple collisions :
- between ions and neutral molecules

C * Atincreases so R decreases

e Resolution in linear mode of the order of 500

C Reflectron



ANALYSERS: TIME OF FLIGHT

Reflectron: Electrostatic mirror

Reflectron

g1y
5

P ETTTTTTTT

Detect

== e wes E:0 Emiror ~
L = ring
Sour = T electrodes

y Correction on arrival times at the detector

Resolution in Reflectron mode = 60 000

@ -Same m/z ( At decreases so R increases
OJ- / Ny




Reflectron

(Voyager DE-STR, AB Sciex) Bruker ¢ - “OF

RP~80000 RP~50000 RP~20000



ANALYSERS: TIME OF FLIGHT

Flight time characteristics

* Simultaneous detection of all ions
* High resolution analyzer

* Excellent transmission

e High acquisition frequency

B - D tel minatiun of exact masses



Analyzer lon Trap

 Theion trap is one of the path stability analyzers

e The trap consists of three electrodes with a hyperbolic cros -sc tiorn a -ing
electrode flanked by two cap electrodes (input and o1 . 't)

* A radio frequency voltage combined or not\v ..~ a L © volt ge U s applied between
the central electrode and the two cap ectrod. s.

Slectrode ulaire

B de chapeau ﬁ Ele-*rode chapeau
ah% s
.
. . .
LI ]
WA

rée des v Sortie des ions

_.U .

Gaz tampon : Hélium

E/m\—_‘_
? W oosat ?

%?5" lon traps have the ability to accumulate ions and fragment them successively
(MSn)




Analyseur lon Trap

Excitation#

Accumulation _
des ions ~Isolation

¢ M
N [P
:/. /\\? - lnt
UP/ Q/ \ |___ Accumulatlon

mz  des fragments
Détection Détection Spectre (MS "




lon Mobility Mass Spectrometry

» Detection of dangerous substances (drugs, explosives)

Portable detector
by IMS

Detector GC-IMS
SABRE 5000
Smiths Detection®

=
3
2

» Coupled with MS: complementary informations

1600
1400 IM-MS Publication
¢ 1200 IMS : containing the
3 " Q\‘ keyword « ion
S 1000 - H — — ] , : mobility »
o L commercial IM-MS
. ™0 — instruments
@
£ oo
£ Publication
£ 400 containing the
200

keyword « ion
mobility mass
spectrometry»

B R EEEREEEEREEEEEEEEREEEEEEEEEE-EE
R223332323232332332322Z3J322"/RRAR

C.Lapthorn et al., Mass spectrometry rewiews, 32 2013, 43-71



lon Mobility Mass Spectrometry

lon Mobility Spectrometry (IMS) is an analytical technique based on the separation

of molecular ions according to their mobility in a gas (N,, He) under the a tion of an
electric field

Electric field
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lon Mobility Mass Spectrometry

* IMS applies to gas phase ions
e Separative technique Different mobility = Different travel speed

e==) Separation of ions in time and space
* Mobility of ions is related to their conformation
=) Mobility = structural information

* Used alone or in combination with other techniques
=) Liquid chromatography ~as, | ass s} 2ctroir etry

....ﬁ P?.l:.;. v ! B S|Ze
. . > -
— BT b e - Shape
ERL " SR - e
Yo el = ' - Charge of the compounds
el
g JFT CELL ‘ _
: ‘ eptides
s "% ,
| Sl '.—‘. e Carbohydrates ‘/'/\‘\\ Lipids 10m5 to 100m5
1« ¥ S p— r
2, — | - /g \ for one spectrum IMS
b SAVE K A
Electric Field w ' e




: Traveling-wave IMS

INTELLTSTART : . . SYNAPT GZ-S
MALTESHAY  LOOKHAS SO Quadlupole : ®
i n Wat~rs
Sy == SIER[WAVE I I
|
] t'{
| QUADRUPOIE I
e s
_s—r-J_=r=i £
) Sy 1 ,
fa AL fif
= "64"};? = ﬁ{ 4
/{f_f}?f' fff
» Wave r7 v “fie 1€. ¢ sic | >tential pushing ions
» Chan einve Hcii ' ana ileld strength = lons separation

) The CC is dr .ermined from the drift time, only after calibration of the ion mobility
<ell w'th a mixture of compounds with known CCS



: Trapped IMS

el [ Accumulate > Trzp > Eue 4

&
&
Bruker®, 2016
oTOF 52
E Cap Entrance Funnel Analyzer 1 Analyzer L —
0T : : -
2| T g
Soray Chamves § . E_‘ A- :
3 | ! i &1L 5 T . mass
an | I .. E E E E 1l E E bl analyzer

» High flow of N2 to trans, ortion. int. the drift cell
Low electric fie'd apr ied . the o, vosite direction which allows separation
» Then the ~'~ctr. "1, 'd raa ally decreases, allowing the release of large ions and then

small nes

» The CCS 15> uetermined from the drift time, only after calibration of the ion mobility cell
v. " a mixture of compounds with known CCS
» The TIMS cell can achieve a resolution of up to 200



Resolution in IMS: application examples

Isobaric compounds, impossible to separate by HRMS

S MN.O-didesmethybenlataxine O-Desmefmiiramadol
B0 105
- HI Hfl_..;:b
6.0 % 105 ; e
- = JOH
| j/Q( ""“‘“I“
4,0 % 105 ] m_,[\__ L. L]
205 10%] Ry =0 3
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o — . | — =
4.5 5.0 £5 E
Drit time, Tl
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¥ ] 0o A0 anm ) 0D 4500 5000 55 00 (1% ]
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Cyu oV, 5C A 0 * I
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o dum F R w0 mer | faan ww | Gee o
200,7 A?

C24H4OO4
M=392,2921







OBJECTIVES

Fragmentation: structural information

Identification and quantification of compounds :
In trace amounts
In complex matrices

% MS/MS selectivity

reaction mechanisms : ions/molecules reaction

Isolating an ion, fragmenting it to :
Study its specific fragments trace

Back to the parent ion Time-separated analyzers

. . Hybrid analyzers
M™—F ' +N 4 4

M" —F +N
MH*—FH* + N
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MS to MS/MS

What is it for? How does it work?

* Probing the structure of an analyte

* Increase the confidence of identification
* |Improve accuracy of quantification

* Reduce the possibility of raw formulae

Principle: Activation of fragmentation by collision of an ion with a neutral gas (N2, He, Ar)

MS/MS in space :

—» .
+ @ NO O ——

Source d’ionisation Analyseur | Cellule de collision Analyseur 2

MS/MS in time :

Temps t Temps t + 5t1 Temps t + 5t2 Temps t + 513

o_@ op & @ P+ te —

Source d'ionisation Accumulation Activation/Fragmentation Activation/Fragmentation Détection




MS to MS/MS

Acquisition mode

Full Scan: Full scan over a specified m/z range

SIM (Selected lon Monitoring): A mass spectrometry scan mode in which only a limited
range of m/z is transmitted/detected by the instrument, as opposed to the full spectrum

SRM (Selected Reaction Monitoring): Acquisition mode consisting of selecting a
fragmentation reaction. For this analysis, both the first and second analysers are focused on
the selected masses. In this case, the ions selected by the first mass analyser are only
detected if they produce a given fragment by a selected reaction.



MS to MS/MS

Acquisition mode

DDA (Data-dependent acquisition)
- A data acquisition mode in which a fixed number of precursor ions whose m/z values have
been selected using predetermined rules are subjected to a second fragmentation step

- The selection of the ions is generally based on criteria of intensity, charge state, mass
range, isotope pattern, etc.

* DIA (Data-Independent acquisition):

- A data acquisition mode in which all ions in a selected m/z range are fragmented and
analysed in a second step.

- Fragmentation spectra are acquired either by fragmenting all the ions that enter the mass
spectrometer at a given time (called broadband DIA), or by sequentially isolating and
fragmenting m/z ranges.



Hybrid Analysers

Infusion

Electrospray

Nano Electrospray

Couplage LC, nano-LC

Q (Quadrupole)
el :

QqQ (triple Quadrupole) \

-

-

-~

-

1al ‘et and lys. s

Nlnl.Dl

~

ToF (Time of Slight PS ) \
lonTip

( Lincr . ap(Q-i.ap) =~

< ~ MS/MS
A QqT £ (Quadrupole-ToF) E—
/ S

lon Trap'TOF/;/V/

Orbitrap

FTMS

- MS/MS in time

MS/MS in space

{ ToF-ToF
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Hybrid Analyser : Q-TRAP™ (AB Sciex)

3D Trap

» Sensitivity in Full Scan

»MS2 (or more)

MS/MS In time

Qre
»S _aaitive 7in MRI
» Juantific. “'on
»N utral’ Jss

»Precursors ions

MS/MS in space

Q Trap
NS/IMS
In"ime ar. 1 sy ane

»Sensitivity in Full Scan
»Quantification

»MS3 (or more)

» Sensitivity in MRM
»Neutral loss

»Precursors ions
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Tandem Mass Spectrometry

Q1 Q2 Q3
lonization Source: Quadru.pole Qua!d.rupole Quaiuj. vle
mass filter Collision Cell ass filt
ESI, APCI Q1" g s Ui
q Qa3 Particle
| Multiplier
| —— N o ™
sample ct— ~ . . ==
| | E=9v \ B » — v
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select. n Fragmentation selectlon of
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Tandem Mass Spectrometry

Q1 MS mode or Q3 MS mode
Q1 Q2 Q3

scan R~ RF

SIM mode : Single lon . oniton 9

Q1 ‘2 Q3

SIM RF RF



Tandem Mass Spectrometry : QqQ — MS/MS

MS2 mode
Q1 Q2 Q3
SIM fragm- .atio scal.

n
MRM mode (Multiple R actioni. 3 M. nitoring, or scheduled MRM

Q1 ‘2 Q3

SIM fragmentatio SIM
n



Tandem Mass Spectrometry : QqQ — MS/MS

Precursor lon Scan

mode Ql Q2 Q3
scan fragm~ .atio SIh.
n

Neutral Loss Scan moc »

Q1 ‘2 Q3

scan fragmentatio scans
n






DETECTORS

Electron multipliers
Micro Channel Plate

Hybrid detectors
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Electron multipliers

They are mainly based on the multiplication of secondary electrons generate ' by
the incident ions.

+ YDYNODE\
CL 'ERSIONIO\
NEG 'FS
72724
&2 —_]
L
|
A. "iﬁ& -4f
Gain : 107 b oo QUADRUPOLE. 1 - ovwooe o
CONVERSION IONS
T . N ?Posm
M tiplicat ur dynodes discretes COURANT AVPLFEE
Gain - 104 VERS ELECTROMETRE

Multiplicateur type Channeltron
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Micro Channel Plate (MCP)

lon 2
lon 1 Ga ~. 1/
L=3-5cm E\ \‘ <
’ ‘ —— -1000V
l= - Sn M '
= <

: -100V

D =5-25 microns
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Hybrid Detector

Scintillator ¢ vin: 0O
MCP
Lens

\ . \7 Pt ytomulh »lier.

I hd —

15 kV Good sensitivity on higher
mass ions
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Liquid Chromatography — Mass spectrometry coupling

i i ? L g A
Why Liquid Chromatography * =L N
B 2717
Spectrum complexity
lonization suppression ‘ | Lo ‘
Loss of information : M ‘ \ H ’ | u
L i «ML Jil, ' \th‘ e PR D W
100 m n Lil] 5]‘-] ﬂi-] 7‘]‘0 35-] \]-i-] J
| ‘1“ . Separate compounds
kIR H ‘\ W | Less complex spectrum
LI (s [ . . . .
|/ " ‘“‘ ! Ty WA, Very attenuated ionization suppression
“e!fsmsauuzunm‘mh % - . . - - - M[m]\ : < : _ :

t T T T T T T T T T
100 200 300 400 500 600 700 800 900 mz



LC-MS/MS Optimisation

How to i~ .ecase ensit it .

haa
. Signal




LC-MS/MS Optimisation

[ W XK of +MRM (11 pairs): 293.077/210.900 Da from Sample 3 (50 pg uhplc 650) of 08022012.wiff (Turbo Spray)
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How ?

LC-MS/MS Optimisation

[ W X of +MRM (11 pairs): 293.077/210.900 Da from Sample 3 (50 pg uhplc 650) of 08022012.wiff (Turbo Spray)

5450
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LC-MS/MS Optimisation

XK of +MRM (11 pairs): 293.077/210.900 Da from Sample 3 (50 pg uhplc 650) of 08022012.wiff (Turbo Spray)

4365 1.15

4.0e5 4

N S/N =(2235.1

3,5e5

Peak Int.(Subt.)=4.3e+5

20857 3xStd.Dev.(Noise)=1.9e+2 MS/MS
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LC-MS/MS Optimisation

How ?

1. Detection Parameters

-> Direct infusion
2. Source Parameters:

-> FIA (Flow Injection Analysis) or coupled
3. Separation Parameters

-> Coupled

Standards solution at 100 ng/mL
(infusion) or at 10 ng/mL

(coupling)

4. Sample preparation

MATRIX




LC-MS/MS Optimisation

volatiles solvents used and additives which increase ionization

¢, moubliezpas
~ =
L)

= solvents grade LC-MS used = A idadd. ‘ves:
= solvents commonly used in ESI : ‘ormic Acid
* Acetic Acid
* Water * TFA
e Acetronitrile
 Methano = Basic additives :
e Ethar
* \_ 1ro; nol * NH,OH (0,1 -1%)

e  Ammonium formate
*  Ammonium acetate



LC-MS/MS Optimisation

= Non volatiles salt (phosphate, borate) -> source deposits

= Surfactants/detergents (SDS, nonyl sulfate) -> ionisation suppression

= Inorganic acids (HNO;, HCI, H;PO,, H,SO,) -> corrosion




LC-MS/MS Optimisation

Recommended buffers :

— Ammonium formate ou acetate (1-10 mM max)
— 0.1-1.0% acetic acid, 0.1% formic acid

— If TFA used to refine a chromatographic peak, always use with formic or
acétic acid with 0.01 - 0.05% TFA

— Be carreful TFA in negative mode

sensitivity suppression :

— Salts

— Strong bases and quaternary amines in positive mode (Triethylamine
(TEA))

— Sulfuric acid and TFA in negative mode

— Phosphate et ion pairing agents non - volatiles (ex. SDS) : strong ion
suppression + complex spectrum



LC-MS/MS Optimisation

buffer pH range LC-MS compatible
phosphate (pK) 1.1-3.1 X
phosphate (pK3) 6.2-8.2 X
phosphate (pK3) 11.3-13.3 X
acetate' 3.8-538 YES
citrate (pKy) 2.1-4.1 X
citrate (pK,) 3.7-5.7 X
citrate (pK3) 44-64 X
trifluoroacetic acid (0.1%) 2.0 YES
phosphoric acid (0.1%) 2.0 X
formic acid (0.1%) 2.7 YES
ammonium formate 2.7-4.7 YES
ammonium bicarbonate 6.6 — 8.6 YES
borate 8.3-10.3 YES

! suitable for LC-MS as ammonium acetate
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