History of Mass Spectrometry of
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Inroduction

What we use In pesticide residue analysis today

Our instruments are triple quadrupoles, TOFs or orbitraps made
by Agilent, Bruker, Sciex,Thermo or Waters.

But were are the roots of mass spectrometry?
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Outline

First mass spectrometers

Generation of vacuum

lon detection and ion recording

Mass spectral library search

The beginning of hyphenated techniques (GC-MS)
GC- and LC-MS interfaces

N o 0o kW DR

Tandem mass spectrometry

Unfortunately nothing about high resolution MS or fragmentation of

organic molecules
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1. FIRST MASS SPECTROMETERS

From the beginning until
commercial production
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First Mass Spectrometers — The year 1910
Sir Joseph John Thomson's detection of neon isotopes

Thomson worked at the University of Cambridge
(UK). He used glow discharge for ionisation. Cations
of neon are accelerated to the cathode and passed a
hole. The deflection by parallel electric and magnetic
fields showed that neon was actually composed of two
Isotopes.

Nobel Prize for physics in 1906

© Science Museum Pictorial

The Generic Gas Discharge Experiment ca 1900
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First parabola
mass spectra
were obtained
1910

Resolution: 10

Anode

Source:
https://en.wikipedia.org
/wiki/History _of mass_
spectrometry
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First Masss Spectrometers

J J Thomson's vision published in 1913

... one of the main reasons for writing this book was the hope that it might induce others,
and especially chemists, to try this method of analysis. | feel sure that there are many
problems in chemistry which can be solved with far greater ease by this than by any

other method.

PREFACE

1 nave endeavoured ia this Book 10 give Some fecount
of the cxperinents o6 Positive Kays which bave been
made at the Cavendoh Laborswoey during the fasc
seven yoars, and which have been the subject of papers
seattered throogh the Philescphical  Magaeine, the
Frocoedings of the Royal Society, and the Proceedings
of e Cambridpe Phicsophical Society. | have. ia
addition, included a short account of the researches of
Stark and othas en the DNppla effecs i Positive
Rays and of Gehrcke and Reichenbeim's experiments
o0 Anode Rays, a5 these, those on the Déppler effbct
especially, are very closely coonected with the resalts
ohtiined by the very diferent methods disaribed in the
cacier part of this besk. | have desoribed w some
lengen the appleation of Pesitive Raps (o ehenical
amalyss; one of the main ressons for wring s book
wiks thie hope tha it mihe induce cthess, and especially

_chenists, to try this method of wnalysis, | lesl sure

han there wee imany problems ia Chemistry which could
I soduisd with far gweer eawe by this than by any
other mathod. The method = surpraingly sensitive

wore 30 oven than dest of Specirum Asalysis; roqaines
an infintesail wnsunt of matenal and does not require

this o be specially purified @ the technique s not diffi-
oubkt f appiances for producmg high vacus are available
Loam ghad w be abdk: o ke this opportunity of ex-
presang my obligations o Me F W Astnn, B A, and
Mr. E. Everett My thanks algy wre due to the
President and Couscil of the Royal Secety for per-
mission to (ee the hocks dlusmting my  Bakerian

J- J. THOMSUN
Camsminen, 4 Ovdor, 191
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First Mass Spectrometers — The year 1918
Arthur Jeffrey Dempster: The first MS with thermal ionization and

electron impact as well as ion detection without photo plate

¥ Elfilament
(but no

electron
L trap)

Sample heater

Detector

Source: Wikipedia

Dempster was born in Toronto and

worked at the University of Chicago. Accelation

He obtained better resolution by voltage
smaller differences in the energy

(Speed) of ions. Magnetic
Instead of glow discharge he used sector

thermal ionization to produce ions.

He first time separated uranium  Dempster's MS with 180° magnetic sector built in 1918
isotopes (232U / 238U)). (Source: https://en.wikipedia.org/wiki/Arthur_Jeffrey_Dempster)
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First Mass Spectrometers — The year 1919
Francis William Aston separated electric and magnetic fields

Source: Wikipedia

In 1909, Aston became a research
assistant of Thomson. He also used

glow discharge for ionisation. However, Replica of the 3rd mass spectroeter of J. J. Thomson

he separated electric fields (to obtain ~ and Aston build in 1937(Source: Wikipedia)
lons of equal kinetic energy) and

- . e
magnetic fields and obtained a .
Resolution of 2000 in his 34 MS. . % -
. : : s t;isssﬁ%?‘f o
Nobel Prize in chemistry in 1922 S S a
L
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First Mass Spectrometers — The year 1940
Alfred Otto Carl Nier: Introduction of an simple, rugged and cheap

60° magnetic sector instrument with El ion source built in series

o

Nier with one of his early mass spectrometers.

The 60° deflection required smaller
electromagnets (<< 2 tons) with less
powerful power supply (<< 5 kW).

In the Manhattan project about _ _ _ _
100 mass spectrometers of this type Nier's construction published in 1940 used an

were build for Site K-25 in Tennessee. 0N path made from copper combined with
parts made from glass
(Source: Intern J Mass Spectrom 349— 350 (2013) 9- 18)

L. Alder History of Mass Spectrometry of Organic Molecules, Aimeria, October 2016 Page9 & I B-FR



First Mass Spectrometers

The Spring of Organic Mass spectrometry started December 1942:
The Consolidated Electrical Engineering (CEC) model 21-101

Technical specification

Mass range: 16 -71 amu

. ' (later versions 10 — 160 amu)
. Scan speed: 20 min/spec

) ———— .\

Picture of first commercial instrument (CEC 21-101),

which is based on Dempster’s 180° geometry lon path of CEC 21-102
Source: https://commons.wikimedia.org/wiki/File:CEC_Model_21-  Source: http://msr.dom.wustl.edu/pubs-
101 _mass_spectrometer PP2008.038.004.jpg misc/cec-103c.pdf
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2. GENERATION OF VACUUM

L. Alder History of Mass Spectrometry of Organic Molecules, Aimeria, October 2016 Pagell & ) BfR



Generation of vacuum

Why we need vacuum? (<

In the mass spectrometer ions want to
fly straight forward without collisions!

Mean free path of a gas molecule

Mean free path

From Wikipedia, the free encyclopedia

ELECTRIC FIELD

> ATE
o o
approx. 1 m L OTOSRAEY =
------- et End al
E\\ y

Ion optics of Aston's First Mass Spectrograph

. " /MAGNETIC FIELD

In physics, the mean free path is the average distance traveled by a moving particle (such as an atom, a molecule, a photon) between successive impacts

(collisions),!"l which modify its direction or energy or other particle properties.

The following table lists some typical values for air at different pressures at room temperature.

Pressure in mmHg

Vacuum range Pressure in hPa (mbar) (Torr) Molecules / cm?®
Ambient pressure 1013 759.8 2.7 x 1019
Low vacuum 300 - 1 225 -7.501x10"" 1019106
Medium vacuum 1-1073 | 7.501x1071 - 7.501x107* | 106 - 10™3
High vacuum 103 - 1077 | 7.501x107% — 7.501x10°8 | 1013 — 109
| | 7.501x1078 — |
Ultra-high vacuum 10-7 - 1012 10% - 104
| 7.501x10°13
Extremely high vacuum | <1072 <7.501x10713 <104

Molecules / m*®

2.7 x 105
1625 — 1022
| 102 _ 1018
1010 _ 101

1015 — 1010

| <1010

Mean free path

68 nmi2

| 0.1 —100 pm
I 0.1- 1007nr1m
10cm—1 km

1 km —10° km

>10° km
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Generation of vacuum

Aston used Gaede's rotary mercury pump driven by hand

Wolfgang
Gaede
developed
1909 the
rotary mercury

2 . pump

Aston with his 2" MS

Gaede’s mercury pump
© The Yale Peabody Museum
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Generation of vacuum

In 1913 Gaede also developed the quicksilver diffusion pump
which was improved by Irving Langmuir

Diffusion pump technology

Qil molecules
Gas molecules

Backing
pump
First compression
stage R
Second compression

—y iy iy iy oyl —  —

stage :
Third compression Fg'?f'i iy
ame . .
stage Irving Langmuir,
USA
Vapor condenses
on walls and returns
to boiler Fourth
£ compression
)—/ stage
Boiler and —'/ Oil pump
heater . i
Later quicksilver was replaced by oil. Metrovick (UK)
, developed pumps with oil base on hydrocarbons Fig 5. Disgrammatic sketh o
! . . angmuir's diffusion pump. .
v (Apiezon A + B) in 1928.
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Generation of vacuum

Quicksilver diffusion pumps required baffles cooled with liquid
nitrogen

Baffles filled with
liquid nitrogen

Hg pumps
The Varian MAT CH5 introduced in 1967 was the first MS

without radio bulbs (using semiconductor technology).
The vacuum was produced with two Hg diffusion pumps.

Varian MAT CH 6
installed in late 60’s at
Humboldt University in
Berlin (used until 1990)
PDF/niagara2011/1 Huebschmann History of MS in Bremen.pdf) (private photograph)

(picture taken from: http://apps.thermoscientific.com/media/SID/IOMS/
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Generation of vacuum

Shortest way to vacuum: The MS installed in a oll diffusion pump

Vertical installation of quadrupole

Rl ) ]

TOP SEALING
FLANGE

ELASTOMER
O-RING

DETECTOR BAFFLE

I T o TR
b MM S T

PUMP
ION PATH STAGES
HYPERBOLIC
QUADRUPOLE
MASS FILTER

ION SOURCE

HP 5993B GC-MS

Installed in 1984 at
Humboldt University " ™" \I
In Berlin ; |

(private photograph) HP 59928/938B Diffusion Pump and Analyzer Assembly
Cross Seclion./;"

Picture taken from: http://www.asms.org/docs/history-posters/hp5992.pdf?sfvrsn=2
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Generation of vacuum

Oil diffusion pumps were installed at least until 2010

Interface
O ring

Vacuum Pump

The oil diffusion of Agilent’s
5975 MSD allows a column
I flow of not more than 1.5 mL
He/min and no Cl mode.
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Generation of vacuum

Sciex API Il TripleQuad: Best pumping speed obtained using a
cryopump filed with liquid helium

Typical setup of a helium-
cooled cryopump

He B
oo R thermal insulation
I i | il

L I LN shielding
==

[ | il LHe shielding

I

i | ! i1 LHe reservoir

~~—— sorption panel
< \— LHe-Chevron baffle
2 700—> \— LN-Chevron baffle

The large open cryoarray and cryopump
allowed an effective pumping speed of
greater than 100,000 L/s!

Disadvantage: One turbomolecular .

Need of liquid helium. Venting of the pump of the 6500 Qtrap (& s

system for baking out 2 — 4 times in a offers < 1000 I/s G ©
month.
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3. ION DETECTION AND ION
RECORDING
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lon detection and recording
Photo plates of a Mattauch-Herzog double focusing mass

spectrograph

electrostatic

analyser
slit ~ M
+ \ I|I .
: \ magnetic
lon source sector
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lon detection and recording

The Faraday cup used by J. J. Thomson in the first scanning
Instrument

Thomson was dissatisfied with his
photographic method of recording “spectra”.

f

Secondary electron suppressor Charge collection cup

The Faraday cup: Not more than a simple
tin can placed at the focal point of ion beam

\ Grounded shield

104
8-1
6
44
Mass spectrum of carbon monoxide (CO)
i Thomson’s plots of ion intensity against
A \ LN relative mass, first published in 1912, were
0 H, C O co o,

Carbon monoxide 320 Volts the world's first mass spectra.
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lon detection and recording

1955: Introduction of the electron multiplier

Principle of 12 discrete dynote
Output secondary electron multiplier, first
time supplied with MS 5 of Metrovick

- HV

The First Dynode

ositive lon ff N y yo=L . . .
T AL :Eslt?USmSéﬁ;r)ller than in the US
. L] - -
| ™ | Neutral Noise Partiles In MAT CH-6 we had a multiplier with

18 dynodes

Picture from: www.shimadzu.com/an/structure_electron.html

Modern continuous dynode multiplier with

semiconducting surface
Picture from: en.wikipedia.org/wiki/Electron_multiplier

HP5970 multiplier
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lon detection and recording
Registration of spectra with an oscillographic chart recorder on

light sensitive paper used with MAT CH-6 in Berlin until 1990

Lamp . e

Mirror Calibrated
Galvanometer Scale

Mirror galvanometer developed by
Lord Kelvin

Two traces of a mass spectrum
recorded with an oscillographic chart
recorder. The mass axis on each
spectrum had been manually marked!
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lon detection and recording

The computer of the first quadrupole of Hewlett-Packard (1971)

9 | Q (More precisely the 5930 had an Soa Ll

6 | 6 dodecapole mass filter) HP 2100A minicomputer
« 8 kB magnetic-core RAM

(options up to 32 kB)

Available programs

: ﬁﬁin 1 MHz processor

. Tabulate « Software on magnetic cassette
- « Assembler language

« Search (in library) . With CRT screen

* Print

(Source of all: www.asms.org/docs/history-posters/hp5932a_data-system_reduced.pdf?sfvrsn=2)
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4. MASS SPECTRAL LIBRARY SEARCH
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Mass spectral library search

The first library of spectra: The ,Cornu-Massot’ published 1966

wase semcrae [l et |
| « = s =« 1 & s & 57

DODECAMNAL 57 43 41 99 82 40 69 sS4 29 44 12 24 . .,
wei 12acH LIST B Tup.24 P00 690 440 410 470 43p 439 410 A0

TETRADECAMAL 57 43 41 %53 82 49 TL 68 83 29 14 B . . . .+ 2 s 1 s s s 57
Wei 13aicd LLF3¥) Ten.186 30 480 4£70 &40 4560 44 448 400 390

I CYCLOPFMTYL 2 DECYLDODECANE 87 43 a1 853 B3 A9 9T TL 2386 23T 27 Y4 , . . s s v wwow v » 57
Ne 980 1 He378 B=d.%2 P04 020 772 737 6084 522 %03 301 364 .

2 2 DIMETYHYLPENTANE 57 43 41 56 85 29 27 39 19 5% 7 16 . . 4 s s & s e w4 = 57
Ne 18 1 Me100 Be1.20 730 493 396 3ap 307 2%p 17% B2 54

2 2 DIMETHYL PENTANE 37 43 41 56 85 29 27 3P 1% 8% 7 18 . . . s . s e % w s 57
Ne 187 1% Me100 Be1.07 Tis 415 396 328 274 206 140 9S4 47

D1.TERT . BUTYL . PERPOXIDE 87 43 41 5B 29 73 146 1% 28 27 B 18 . . . s+ s = @ s s s » 57
N 1809nu4 LLEET Tan.80 261 181 96 B3 77 77T sS4 an 41

4 N PROPYLHEPTADECANME 57 43 41 71 29 %% A% 98 56 69 20 42 . . . . s s 2 % s = » 57
Ne 993 1 LLTLF Bs1.01 728 383 3AT 301 285 298 192 140 138

5 8 DIETMYLONDECANE 57 43 41 71 55 8% 98 96 197 39 18 4 ., . . .. s et e w 57
Ne 1530 1 K224 578 %521 375 2%4 238 117 117 109 108

4 DI & PROPYLDODECAKE 37 43 41 71 55 A5 98 49 211 90 18 I . . . 4 e + s % e w = 57
Ne 1487 1 He29d HWe1.09 607 432 J43 352 238 140 120 114 114

3 HMETHYLEICOSANE 57 43 41 71 58 55 0% 69 42 70 21 A4, , ., T 2
MNe j458 1 nEP94 Hup.B1 760 488 380 368 288 2%1 147 107 83

3 METHYLEICOSAME 57 48 41 71 56 5% 89 49 267 42 21 M . . . 4 . 4 e 4 w s = 57
Ne 1472 1 He298 Han.37 743 493 405 373 299 274 127 11% 100

Figure4. A partial listing of the reference spectra in A. Cornu and R. Massot (1966), Compilation of Mass Spectral Data
(Table 4), which lists spectra in the order of most intense peak in the spectrum.
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Mass spectral library search

The very popular Eight-Peak-Index

An tnvaluable resource from The Royal Society of Chemistry

3" edition 1983: 66,000 entries

Volume 1: Sorted by molecular
weight and molecular
formula — Search for
spectra of known
compounds

Volume 2: Sorted by base peak —
Search for compounds
based on spectra

Eight Peak Index of

Mass Spectra, 3rd Edition

I'he Eight Peak Index of Mass Spec
tra is the world’s largest printed
index of mass spectral datal An ex
cellent aid for identifying unknown
compounds, it's also a convenient
single point of entry to the various
full mass spectral collections and
mass \p('fll'.ﬂ information appear
ing in scientific journals

This new index contains the cight
most abundant ions in 66,720 mass
spectry, covering 52,332 compounds
indexed by molecular weight, cle
mental composition and most abun
dant ions. Contains twice as many
spectra as the previous addition

The Eight Peak Index of Mass
Spectra can be used for the identili
cation of unknown compounds by

simply comparing mass spectral
data of the unknown with the equiv
alent data of known compounds
contained in the Eight Peak Index

CAS Registry Numbers

A special feature of the Eight Peak
Index is the CAS Registry Number
assigned to each unique compound
This number can be used 10 access
information concerning that com-
pound in a multitude of manual
and computer readable files, It's a
useful link 1o other information
sources

Source of Data
T'he Eight Peak Index is published
by the Mass Spectrometry Data Cen

1442 A « ANALYTICAL CHEMISTRY, VOL. 57, NO. 13, NOVEMBER 1985

tre. Sources of the spectra are as
follows: Imperial Chemical Indus-
tries, general mass spectrometry
literature, American Petroleum In
stitute/Thermodynamics Research
Centre, the American Society for
Testing and Materials, the Dow
Chemical Company, the Mass Spec
trometry Data Centre, John Wiley
and Sons Inc., and the NIH/EPA
System

Iindexing System
Seven bound books are indexed in
the following ways:

Volume 1, Parts I and 2—Molecular
weight sub-indexed on formula
Spectra appear in ascending mol,
wt. order, sub-indexed on number of
carbon hydrogen, oxygen atoms, eic,
For use with KNOWN mol. wt, or
tormula, UNKNOWN spectra

Volume 2, Parts | and 2—Molecular
weight sub-indexed on fragment ion
miz values. Spectra appear in as
cending mol. wt, order. For each
mol, wt, spectra are grouped in in.
creasing m/z of the most abundant
ion, UNKNOWN formula.

Volume 3, Parts 1, 2, and 3—Frag
ment ion miz values of the two most
abundant ions. Spectra appear in
ascending order of miz of the most
abundant ion followed by that same
miz of the 2nd most abundant ion,
while maintaining an ascending miz
for the most abundant ion. For use
with KNOWN spectral values, UN
KNOWN mol. wt. or formula.

(1984) $1,178

To Order Call

Toll Free (800) 424.6747

or contact the

American Chemical Society,
Distribution Office Dept. 132,
1155 Sixteenth Street, N.W.
Washington, DC 20036.

Customers outside the US & Can
ada, please order from The Royal
Society of Chemistry, Distribution
Centre, Blackhorse Road, Letch-
worth, Herts,, ENGLAND.
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Mass spectral library search

First NBS (NIH) data base published in 1978 allowed retrieval via
modem

4. Eight Peak Index of Mass Spectra,
1st ed. (Atomic Weapons Research
Establishment, 1970)

5. Eight Peak Index of Mass Spectra,
2nd ed. (Atomic Weapons Research
Establishment, 1974)

Mass Spectrometry 17,124
Darta Centre*

Mass Spectromerry 31,101
Data Centre®

Examine spectra
for obvious
numerical errors

Examine spectra
for obvious
numecrical errors

Maximum of three
listed for spectra
obrained under
the most dissimilar
conditions

Maximum of three
listed for spectra
obrtained under
the most dissimilar

Computer-readable
version of compila-
tion available

Computer-readable
version nfcompila-
tion available

conditions
6. Registry of Mass Spectral Dara Wiley-Interscience 18,806  Automated List qualicy Search algorithms
(3 volumes) (Stenhagen, error checking  duplicates developed for
Abrahamsson, & McLafferty, 1974) and evaluation collection at Cornell
7. National Standard Reference Dara U. S. Government 25,556  Automared Duplicate spectra  Interactive via
Series (U.S. National Bureau of Printing Office error checking  culled modem connection
Standards) NSRDS-NBS-63: EPA/ and evaluation
NIH Mass Spectral Data Base
(5 volumes) (Heller & Milne, 1978)
8. EPA-NIH Mass Spectral Data Base, U. S. Government 8,807  Automated Duplicate spectra  Interactive via

Supplement 1 (Heller, Milne, &
Gevantman, 1980)

9. Eight Peak Index of Mass Spectra,
3rd ed. (Atomic Weapons Research
Establishment, 1983

Printing Office

Mass Spectrometry 66,720
Data Centre*

error checking
and evaluation

Automated
error checking
and evaluation

culled

Maximum of three
listed for spectra
obtained under
the most dissimilar
condirtions

modem connection

Computer readable
version of compila-
tion available

My first modem installed in 1990 had a bit rate of 56 kbit/s!
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5. THE BEGINNING OF HYPHENATED
TECHNIQUES (GC-MS)
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The beginning of hyphenated techniques (GC-MS)
MAT CH4 (launched 1958) — The GC was regarded as curiosity

1967
> 400 units installed
Applications
Coffee aroma
Perfumes
Cigarette smoke
MAT expanded

GC-CH4
Launch at ACHEMA as
curiosity

Picture from:
http://apps.thermoscientific.com/media/SID/IOMS/PDF/niagara2011/1_Huebschmann_History of MS_in_Bremen.pdf
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The beginning of hyphenated techniques (GC-MS)
MAT 111 Gnome: first routine GC-MS with magnetic sector (1971)

k

‘- Resolution 1 000

 Single focussing

mass spectrometer
gas chromatograph r 1I
with separator | ep /S B A
e, =
[ = gas chromatogram
- !
/ I
i |
I i |
| o O
[ l
| dM bt _.1-.._1
} O B A
sample i Tl P b B s 00
mass spectra

« GC-MS sensitivity specs
» 30 ng Methylstearate for a full spectrum

» On Varian Aerograph packed column

» 2 detectors EID (chro) and MSD
(spectra)

i Ll

Avvariun Vammpeivie 1 & s Rty

Marbymaii | |t 2 Se ok, 0w 3 apus Chuiarn bu
Covtiorda sws e e

GC/MS - System MAT 111 cvon-

Picture from:
http://apps.thermoscientific.com/media/SID/IOMS/PDF/niagara2011/1 _Huebschmann_History of MS_in_Bremen.pdf
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The beginning of hyphenated techniques (GC-MS)
MAT 112 — GC/HRMS used for doping control

Anal Chem 46 (1976) 310A:
At the 1976

. Innsbruck Winter
Varian MAT Olympics, 356 drug
Mass Spectrometry S < samples are
in ACtiOﬂ analyzed by GC

ey d TLC . Positive

& * an
Innsbruck 1976 nue samples are
confirmed by GC-

S NNI
1976

For the second time in the history of the MS is the only method to make sure that none . .
Olympic Games the GC/MS technique has been of the GC pe:ks indicates the presence of a drug MS US|ng a Va”an
applied among other safeguards to assure fair listed by the 10C.

competition. Again, a Varian MAT GC/MS : MAT 112'

system was chosen to prevent the use of such The specificity of the GC/MS technique makes it

drugs which are against the regulations of the a very powerful method for the solution of such

International Olympic Committee (10C). Every chemical problems involved in legal matters

day, urine samples selected at random from the

athletes were screened by GC and thin layer For more information about the entire Varian

chromatography. “Suspicious” samples were MAT GC/MS system line of instruments and

subject to identification by means of the what they can do to help you please contact:

A

Varian MAT 112 GC/MS system, Of all ana-
lytical methods only the unique GC/MS
technique allows most effectively the un
ambiguous identification of organic compounds

especially the commonly used drugs. Generally, VARIAN MAT GmbH ©
all peaks detected by GC analysis belong to Postfach 14 40 62 -
normal metabolic products. 2800 Bremen 10 =z

CIRCLE 227 ON READER SERVICE CARD

310 A « ANALYTICAL CHEMISTRY, VOL. 48, NO. 3, MARCH 1876
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The beginning of hyphenated techniques (GC-MS)
VARIAN MAT 112 (1975): Selected ion monitoring using a

double focusing sector field instrument

Typical magnetic hysteresis loop

Continuously variable slit
. Exact digital mass marker display
Retentivity Batiraion
point Coercivity Double focussing geometry
ot H (electrostatic sector)
Continuously variable slit
Saturation Gas Chromatograph Spectrum monitor
Retentivity and slit separator
point ) _

] B ' Multiple ion selection
Itis | - ! (up to 8 channels)
impossible \[m ‘ ,
to jump to ® Bl R =F,

= —— . _"_

selected T e R ‘r“
- . e 00 : . R &) " % e A E
ions with a s ° P Eae — .

-0 2¢5s ’ ! ’ ! ! 4 ’ !

il ° L * r e s 4 > a
magnet. 3 3ig7 P TR L] .
- > “ ASEageie s B B scoram R ol IR BRE WS ur o w e W
oD " SR NI N 2 Sl

Up to 8 ions were monitored by changing the
acceleration and ESA voltages
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The beginning of hyphenated techniques (GC-MS)
The first commercial Time-of-Flight mass spectrometers (ca. 1956)

NAGHETIC_ ELEGTAON Special features of the Bendix TOF 12-101A:
cackng | /ELECTRON TRaP \ « Pulsed ion source and constant acceleration
NP I voltage of 2.8 kV
» __I?:J' J « 1.7 m flight tube
wet | ) 1 4 +  Mass range 1 to 1800
18T \ . .
|GR.D , A 0.1 GHz multiplier
FIRREENT { « Resolution approx. 700 (= 134 amu/0.2 amu)
OSCILLOSCOPE ] X « Recording of spectra on an oscilloscope
() !
e
= Oscillogram of the mass spectrum
of some xenon isotopes. The mass
Diagram of the ariginal Wiley & McLaren ToF-MS with ‘double-field” ion source. are, from left to right, 128, 129,
o B of e I . 130, 131, 132, 134, and 136 amu.
from Review of Screniific Instrumenis

The picture shows the xenon isotopes.

In the early "70s sales of TOF instruments declined
and production was stopped.

| Bendix model 12-101A, ca. 1961 (all pictures taken from:
http://www.asms.org/docs/history-
posters/bendix-tof.pdf?sfvrsn=2

Bendix Model 12-101A; ca 1961
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The beginning of hyphenated techniques (GC-MS)
The Quadrupole Mass Analyser developed by Wolfgang Paul

y .
A

ﬂ‘\.\,\\\?\
Wolfgang Paul,

University of Bonn = 4U, U+ V cos wr
Nobel Price in 1989

loa source Rod system Collectar
Top_ Figure 4. Schematic view of the quadrupole mass spectrometer or mass filter,
Schematic view of a quadrupole mass spectrometer olz=grazoT 1 T 1] _'E_f?_qirﬁ;}g 1
| )
Bottom: * T 1]
: - : : | i 4
First mass spectrum of rubidium published by Paul in _JJ%_-, }\ <7 |
1954 (Source: Nobel Price Lecture 1989) O 20 Zve zes zsoMtz 2#0 2ev 24 Mtz

freguens v
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The beginning of hyphenated techniques (GC-MS)
Finnigan model 1015 — the first commercial quadrupole GC-MS

system launched 14 years after Paul’'s publication (1968)

DEC minicomputer MS electronics

keyboard ' | Varian=a'.  MS and
wio display oI Ry e
plotter

Robert E. Finnigan,
an ex—cold war

engineer
established
Finnigan
A Finnigan Instrument Corporation Model 1015 GC/MS/DS. From left to right: a Instrument
s o e oo oo st g e e PTICE: 100,000 $  COrPOTation, in
' January 1967

courtesy of Robert Finnigan.

(Source: https://littlemsandsailing.files.wordpress.com/2015/03/finnigan-1015-bob-finnigan.pdf)
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6. GC- AND LC-MS INTERFACES
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GC- and LC-MS interfaces

Interfacing a Varian Aerograph with packed columns to the
finnigan model 1015

Varian Aerograph:

Typical column flow from packed column:
> 20 ml/min

Finnigan 1015 MS:
Typical pumping speed was 10% of
modern instruments

Most often used:
The Ryhage jet separator

l:l‘fl'.

analytes and carrier gas =—> S Satoenl e A S i e e ntEm . ———3 To MS

N\
— l | \ Analytes (high mass)

carrier gas (low mass)
To fore vacuum pump

L. Alder History of Mass Spectrometry of Organic Molecules, Aimeria, October 2016 Page38 & I B'FR



GC- and LC-MS interfaces
Challenges of combining LC to MS (compared to capillary GC-MS)

Molecular mass of mobile phase: 2 amu (H,) or 4 amu (He)
Purity of mobile phase: 99.999%

Additives to mobile phase: no

Gas flow per minute: 1-5 mL

El ionization: possible

I Molecular mass of mobile phase: 2 32 amu (CH;OH)
HPLC : i Purity of mobile phase: < 99%
| | Additives to mobile phase: yes (salts)
A ‘r' Flow rate of liquid: > 100 pL/min
i Resulting gas flow per minute: > 70 mL (up to 1200 mL/min)
El lonization: impossible in the presence of solvent
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GC- and LC-MS interfaces
Direct liquid injection: Never used In trace analysis

Probe casing

LC eluate <—— o S et

-

Cooling ; —>» [0 mass
water spectrometer

~—
LC eluate —>

Figure 4.2 Schematjg#f a direct-liquid-introduction LC-MS int{gce. From applica-
tions literature go#blished by Agilent Technologies UK Limited, StoSgort, UK, and

reproducedg#®ith permission.

Developed by Tal'Rose et al. in the USSR and
by McLafferty in the USA.
Was commercially available from Hewlett-Packard
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GC- and LC-MS interfaces
Moving belt interface — The 1st commercial LC-MS interface (1977)

to mass filter

MS Interface HPLC

El ion source

M Consequently,

heater 3 * analytes must be volatile
« analytes should not be thermo
labile
10-° torr 0.2 torr 20 torr Just like in GC-MSI
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GC- and LC-MS interfaces
Particle beam interface: The jet separator for liquids (1984)

Pump 2 Desolvation

El i1on source chamber
and lenses

Sprayer

Helium
‘ from
HPLC

Quadrupol  Skimmer 1+2

............................ solvent (low mass)

Consequently, analytes analyte (high mass)
* must not be volatile :

« but must have significant higher mass than solvent

Main problem: many analyte molecules are lost; low sensitivity

HP 5989 MS (‘Engine’)
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GC- and LC-MS interfaces
Thermospray: Halfway to atmospheric pressure ionization

Turbopump Pump
10-° Torr 3 Torr Desolvation
1 Skimmer 1 chamber
I Lenses solv e m
e Repeller
" REerCIEEELLILIELECL SLIO .
s—1
-— .
solvent |_ Helium
Quadrupol heater W --
Sprayer
from HPLC

(eluent must contain buffer)

Main problem: analyte molecules must form adducts with
buffer ions as NH; (and solvent should not)

HP 5989 MS (‘Engine’)
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GC- and LC-MS interfaces
The first electrospray ionization experiment published by

Malcom Dole in 1968

Spray chamber Pump Pump Faraday cage

l |
2 J)PI”—

Liquid in

_ L ] L _ L — — ! -— e —

. o J‘“‘--

N, gas outlet 4 Nozzle \ \Retarding-

Skimmer  potential grid

The number of ions produced was very low because of high concentration of solvent
vapor at the end of the chamber.
(Picture from https://masspec.scripps.edu/mshistory/timeline/time_pdf/Fenn_ESI.pdf)
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GC- and LC-MS interfaces
Fenn's electrospray ionization source with counter-current flow of

nitrogen as drying gas

lon Lenses
a
Capillary
Liquid |——r ) 4 1 | | N
_S_ampie
—- _-7
/ L]
N
Skimmer
Quadrupole
3-6kV Cylindrical 6 Analyzer John B. Fenn
Elecgﬂde l l 8 Nobel Prize in 2002
gwing 15t Pumping 2 Pumping
5 9

Schematic diagram of the second ESI-MS apparatus build by Fenn in Yale. It features
the important counter current flow of drying gas
(Picture from http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2002/fenn-lecture.pdf)
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GC- and LC-MS interfaces
Fenn's home made MS instrument used for electrospray

Single quadrupole mass
spectrometer used for John
Fenn's work on electrospray
lonization (1982 — 1988)
(Picture from:

https://en.wikipedia.org/wiki/History
_of _mass_spectrometry)

Pretty large oll
diffusion pumps
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/. TANDEM MASS SPECTROMETRY

L. Alder History of Mass Spectrometry of Organic Molecules, Aimeria, October 2016 Page47 & ) BfR



Tandem mass spectrometry

The birth of tandem mass spectrometry in 1973

Anal. Chem., 1973, 45 (12), pp 1023A-1031A

Design and Performance of a Mass-analyzed
lon Kinetic Energy (MIKE) Spectrometer

J. H. Beynon, R. G. Cooks, J. W. Amy, W. E. Baitinger, and T, Y. Ridley
Department of Chemistry, Purdue Universily, West Lalayette, Ind, 47907

The double focusing mass
spectrometer with BE

Ton Kiiétic energy Speitrom- . - configuration used for MIKES
etry allows the study of both : e

unimolecular and bimolecu-
lar reactions and is a unique N N\
source of information on :
thermochemistry, molecular
structure, isotopic quantita- \ : 3 / _
tion, and reaction dynamics D |— ’

Figure 1. lon optical arrangement used in MIK

. n tri 3 ts
Analvtical determinations of a of pumping and sample introduction por

& L
EI
e
Product ion spectrum obtained raseo —
from methyl benzoate e

L] T T ol T T L T !
1000 2000 F000 L0400 SO00 000 F000 BOOO
&V

Fig. 12. A complete mass-analysed unimolecular ion kinetic energy spectrum obtained on
the melecular ion of methyl benzoate.
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Tandem mass spectrometry

The first commercial tandem MS/MS was introduced in 1978

Micromass ZAB-2F with large collision cell between magnet and electrostatic analyser

The
Instrument
was designed
In co-operation
with J. H.
Beynon from
Purdue
University
(USA)
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Tandem mass spectrometry

The first tandem quadrupole instrument was used to study photo
dissociation

J. Morrison at La
Trobe University in
Australia with his
home made tandem
quadrupole.

(about 1975)

The potential of triplequats as highly selective mass anaylser was recognized by Christi
Enke, who added the RF only quadrupole as collision cell (published 1978).
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8. WHERE THE EXPERTS ARE
COMING FROM
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Where the MS branches of companies are coming from?

2000-
1995

1995-
1990

1990-
1985

1985-
1980

1980-
1975

1975-
1970

1970-
1960

1960-
1950

1950-
1940

Hewlett Packard
became Agilent
1999

HP 5989 Engine
with CI/NCI

HP 5990 bench-
top GC/MS 1976

First MS with
data system
HP 5930/5932

First GC
1965

Bruker Daltonik
GmbH

Mobile GC-MS
EM 640

Launch of MM1
(mobile MS)

Bruker-Franzen
Analytik 1980

Thermo
Electron 1990

Finnigan MAT
1981

Quadrupole
MAT 44

First GC-MS
MAT 111
Gnome

Varian MAT
CH 5/6 1967

MAT CH4
(400 units)

Atlas MAT
founded 1947
in Bremen

API 2000
1997

First MS/MS
API 11l 1989

First MS
1978

L. Alder History of Mass Spectrometry of Organic Molecules, Almeria, October 2016

VG was
aquired by
Waters

VG became
micromass

VG lauched the
AutoSpec

VG introduced
ZAB 2F

VG startedwith
small MS

Key personnel
from AEI went
to VG

Metrovic
became AEI

Metrovick sold
first MS in 1946
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For further reading

A History of European Mass Spectrometry (ed. By K.R. Jennings), published by IM
Publications LLP (UK), ISBN 978-1-906715-04-5

K.S. Sharma “Mass spectrometry—The early years”,
Intern J Mass Spectrom 349— 350 (2013) 3-8

J. Griffiths “A Brief History of Mass Spectrometry”, Anal Chem 80 (2008) 5678-5683

B A Thompson “Atmospheric Pressure lonization and Liquid Chromatography/Mass
Spectrometry - Together at Last”, J Am Soc Mass Spectrom 9 (1998) 187-193

The historical posters prepared by the American Society forMass Spectrometry (for their
50th anniversary) found online at http://www.asms.org/publications/historical

Mass spectrometry - the early days
http://www.rsc.org/Education/EiC/issues/2010May/MassSpectrometryTheEarlyDays.asp

Origins of tandem mass spectrometry
http://www.asms.org/docs/history-posters/tandem-ms-poster-2012.pdf?sfvrsn=2
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Thank you for listening

Lutz Alder

Senior Fellow
Federal Institute for Risk Assessment

Thielallee 88-92 ¢ D-14195 Berlin

Tel. +49 30 - 184 12 — 3377
lutz.alder@t-online.de ¢ www.bfr.bund.de



Timeline (modified from Wikipedia)

1913

Thomson is able to separate particles of different mass-to-charge ratios. He separates the 2°Ne and the
22Ne isotopes, and he correctly identifies the m/z = 11 signal as a doubly charged 22Ne particle.[27]

1919
Francis Aston constructs the first velocity focusing mass spectrograph with mass resolving power of 130.

1922

Aston is awarded the Nobel Prize in chemistry "for his discovery, by means of his mass spectrograph, of
isotopes, in a large number of non-radioactive elements, and for his enunciation of the whole-number
rule.”

1931
Ernest O. Lawrence invents the cyclotron.

1934
Josef Mattauch and Richard Herzog develop the double-focusing mass spectrograph.

1936
Arthur J. Dempster develops the spark ionization source.
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1937
Aston constructs a mass spectrograph with resolving power of 2000.

1943

Westinghouse markets its mass spectrometer and proclaims it to be "A New Electronic Method for fast,
accurate gas analysis".

1946
William Stephens presents the concept of a time-of-flight mass spectrometer.

1954

A. J. C. Nicholson (Australia) proposes a hydrogen transfer reaction that will come to be known as the
McLafferty rearrangement.[28]

1959
Researchers at Dow Chemical interface a gas chromatograph to a mass spectrometer.

1964

British Mass Spectrometry Society established as first dedicated mass spectrometry society. It holds its
first meeting in 1965 in London.
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1966
F. H. Field and M. S. B. Munson develop chemical ionization.

1968
Malcolm Dole develops electrospray ionization.

1969
H. D. Beckey develops field desorption.

1974
Comisarow and Marshall develop Fourier Transform lon Cyclotron Resonance mass spectrometry.

1976
Ronald MacFarlane and co-workers develop plasma desorption mass spectrometry.

1984
John Bennett Fenn and co-workers use electrospray to ionize biomolecules.

1985

Franz Hillenkamp, Michael Karas and co-workers describe and coin the term matrix-assisted laser
desorption ionization (MALDI).
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1987
Koichi Tanaka uses the “ultra fine metal plus liquid matrix method” to ionize intact proteins.

1989
Wolfgang Paul receives the Nobel Prize in Physics "for the development of the ion trap technique".

1999
Alexander Makarov presents the Orbitrap mass spectrometer.[29]
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At the 1976 Innsbruck Winter Olympics, 356
drug samples are analyzed ...

(

http://pubs.acs.org/doi/abs/10.1021/ac60367a
7507?journalCode=ancham
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http://www.kawasaki-m.ac.jp/soc/mw/journal/en/2007-e12-2/01_kremenik.pdf

Mass spectrometry at 1965 at IAEA in Seibersdorf

"

Photo':flAEAi

A mass spectrometer being used to find the nitrogen content of plants fed with fertilizer,

photographed at the International Atomic Energy Agency (IAEA) in 1963. Photo by courtesy of

International Atomic Energy Agency (IAEA), published on Flickr under a Creative Commons
(CC BY-SA 2.0) licence
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The beginning of mass spectrometry in Bremen in 1948

First prototype of a mass spectrometer build by Jenckel in a cellar of a hospital.
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CH3 — The first commercial product from Atlas-MAT (1952)

1952

Exhibited at the
Achema show in
Frankfurt

Resolution 300

1954

Sales volume
100.000% per
year.

Not enough for a
division with 20
people
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MAT CH5/CH6 (1967): first time controlled with transistors and
without radio bulbs

For routine analysis
Single focussing
GC coupling
Double focussing
optional

Resolution
> 10 000
> 30 000 CH5-DF
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MAT 44 (1977) First Quadrupole MS from MAT

MAT

Resolution

>4 000 (10% val.)

@ 1166/1167 Da
Sensitivity

1 ng Me-Stearate

S/N 20:1

(Cl 1 ng BZP 50:1)
Data System

SS 200

64 kK memory

4.7 Mb Dual Floppy
Disk storage




Mass spectrometer at late 1940s

© National physical laboratory
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GC- and LC-MS interfaces
Fenn's first electrospray ionization source (with weak counter-
current flow of gas)

|
3
|

1023 Torr

Skimmer

Quadrupole
Mass Filter
| | ) |
i 1
John B. Fenn
Nobel Prize in 2002
105 Torr

The first electrospray ion source built at Yale University. Sample solution was sprayed
from the hypodermic needle into a counter-current flow of dry nitrogen, which provided

the needed thermal energy.

(Source: http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2002/fenn-lecture.pdf)
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Past, present and future of LC-MS

Step 1.
Development of selective interfaces or ionization technigques

VG 7070
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