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Kinetic picture of gas

MAX-PLANCK-GESELLSCHAFT

Relative velocity distribution of air

.. @22°C, 10° Pa, 2.48-10% molecules, 3.4:10°m spacing
N . N 107 Pa, 2.48-10% molecules, 3.0-10°m spacing
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v -mean average velocity, v, — peak velocity ; = ‘., : ':

N — total number of particles 00 500 1000 1500 2000

T — absolute temperature ) :
m — particle mass Velocity (m/s)

k — Boltzmann constant J. F. O'Hanlon, A users guide to vacuum Technology, WILEY, 2003
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Flow Regimes

MAX-PLANCE-GESELLSCHAFT

| — mean free path [m]

Kn= 1/d d — Diameter of flow chanel [m]
Kn - Knudsen number dimensionless
d
— T 1-_.\"-.‘ o ra "
Continuous flow Knudsen flow Molecular flow
Kn < 0.01 0.01 <Kn<0.5b Kn > 0.5
Low vacuum Medium vacuum High/ Ultra-high vacuum
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The value of the Knudsen number characterizes the type of gas flow and assigns it to a particular pressure range. 


Flow Regimes

MAX-PLANCK-GESELLSCHAFT

_ | — mean free path [m]
Kn= 1/d d — Diameter of flow chanel [m]
Kn - Knudsen number dimensionless
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Flow Regimes

MAX-PLANCE-GESELLSCHAFT

Kn=1/d Gass flowing through piping produces a pressure difference at the ends of the piping:

I's Conductance

C — conductance [m3/s]
Q- throughput d(PV)/dt [Pa*m?3/s]
P,-P, — pressure drop at the ends of the pipe

10%

Molecular flow
Transitional area
Viscous flow

10"

E—
Reaktor outlet

10"

18T 18 1 1! 1 10? 102 10 1= 10°
Pressure Pa
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generally speaking, vacuum chambers are connected to a vacuum pump via piping. Flow resistance occurs as a result of external friction between gas molecules and the wall surface and internal friction between the gas molecules themselves (viscosity). This flow resistance manifests itself in the form of pressure differences and volume flow rate, or pumping speed, losses. In vacuum technology, it is customary to use the reciprocal, the conductivity of piping L or C (conductance) instead of flow resistance W. The conductivity has the dimension of a volume flow rate and is normally expressed in [l s-1] or [m3 h-1]. 
If the mass spectrometer is connected to the outlet at atm preassure then the special inlet system has to be installed for preassure reduction.  
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Why is it necessary to work under vacuum?

Mass-Filter
mean free path has to be
much larger than the O_O ’) )
dimensions of the mass- MW
A spectrometer O_O )
]

5 meter

mean free path (log. scale)

10° 104 103 102

Pressure at the place of the Mass-Spectrometer
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Characterization of solid materials and heterogeneous catalysts, Ed. M. Che, J.C. Vedrine; Wiley-VCH, 2012
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lonization (Electron Impact lonization)
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| Filament
amg I Electron-Enenergy = 2 U  [eV]
Emission
> Anode
Cathode I
M+e --->M* +2e-
O O O
+ - +
. ~U >

The emission is a function of the filament temperature, the material (work-function), the applied voltage and
the geometry (local field strength).

The filament is heating up the ion source by radiation, take the vapour pressure of the material into account!

W, =4.72 eV, W,,=4.55 eV, W,=3.1 eV, Wy, =3.4 eV, W, =5.00-5.67 eV,
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Filament materials

Rhenium: rather high vapour pressure
used mainly in High Vacuum

Tungsten used in the UHV, has a longer
lifetime than Rhenium, Tungsten
gets brittle WC,

Yt-Oxide on Iridium rather resistant against air,

replaced thoriated Iridium temperature is much lower compared to pure metall

Andrey Tarasov, Mass-spectrometry, Lecture series heterogeneous catalysis, FHI MPG, 30.10.15



lonization

MAX-PLANCK-GESELLSCHAFT

e Small fraction of sample is converted in ionized state (0.1%)
e 20% of all ions are extracted from the ionisation chamber
e Collision enrgy influences the number and type of ions (50-150eV)

107

molec cm?sec

ion ion molec
= (x .
sec

] + Serlem?]

a — fraction of the molecules which has been
undergone ionization and reached collector i.e.
o= W; W, Ws

w,- probability that the molecule reaches the
ionization zone

w,- probability of the ionization of the molecule
in the ionization zone

w,- probability that the formed ion reaches

ions/crm mbar

10

Air

107
collector
10 102 10° 10* 108 108
electron energy [eV] .
60-100 eV p — molecules flux thr.o.ugh the effective area S

k — Instrument sensitivity

n — molecules/cm?3

| = k *n *o o — ionization cross section, A2
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lonization

Electron-Impact Cross Sections for lonization at 60eV

H, 1.015 40Ar + 1e--4OAr+ + Ze_

N, 2.381 — ) )
Arst + 3e
coO 2.395
co* 0.813
CO, 3.317 ABC + e = ABC'+ 2e
CH, 3.471 ABC™™ + 3e’
AB 4+ C o Z¢
CH,* 0.964
4 BE™ + A + 2¢
CH;* 0.951 A* 4+ BC + 2¢
N,O 3.513 C' +AB &+ 2e
B + A +C + 2e
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o Artt (100 m/z=13.3
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0 /"’F . '
0 43 100 200 300
15,7 a8 electron energy [eV]

e Decreasing of electron energy in order to reduce overlapping signals from fragments
e HF*/Ar**, m/z=20,|.__14eV/43eV

on
e Multiple charged fragments cause the signals on non-integer mass/charge ration Ar3*
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Mass separation
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(a) Sector analyzer (b) Quadrupole filter (c}TEm&o’f-ﬁight

Detector

magnetic
field (@)

a,b=constanis

(d) lon trap (e) Fourier transform ion cyclotron resonance
(classical 3D geometry)

deftection
; excitation =
Dipolar =
|| RF W" E?: E_LP &II.OI'I 5 Stﬁﬁ E rf i g
: ‘?q i = ﬁe“d E — E { .5
Detectar \m @ = J %
ﬂo it o A
L=} -
He Gas End cap detection
- olectrode ;{ [excitation| E
i elem?gda ion trapping ; detectmn
device Mass spectrum Transient step
& ' Fourier
transform
z = time
harmanic
jon mation Mz

Characterization of solid materials and heterogeneous catalysts, Ed. M. Che, J.C. Vedrine; Wiley-VCH, 2012
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Mass sepa ration Magnetic sector mass anlyzer
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MAGNET POLE-FPIECE

" My RESOLVING SLIT
b

SELECTED IONS

FARADAY DETECTOR

M - v?

Ek — Ei T =q-U Kinetic energy of ions is determined by the accelerating potential

(1.5 — 15kV)
M - v? T |

FL = FC T =q v H Lorenz force is in equilibrium with centrifugal force

2 2
Hence: M . R°-H The trajectory radius remains constant e.g. 200mm. To detect the definite
) ; - 2.0 M/z one varies the magnetic field induction.
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Uranium enrichment

238 99.2%, 235U 0.72%

238UF.* m/z 328
235UF* m/z 325

Reactor grade 3-4% U-235
Weapon grade 90% U-235

High temperature mass spectrometer for the
analysis of the gas phase over hard volatile
substances, namely oxides.

MS1301
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Vcos(wt) - alternating voltage

—(U + Vcos(wt))

Alternating voltage U - direct voltage

(U + Vecos(wt))
_@ ® = (U+Vcos ot)(x® - y2)/r,°
| 2 Potential between the electrodes
@ Ex=d®/dx Ey=d®/dx Ez=d®/dz
eE=ma

L J
L.

Source

mi+2e(U+Vcoswt)r£2=0 me—2e(U+Vcosth)Fyf=0 mz=0
0 0

+U+VcosMt) -(U+VcosMt)
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Determination of m/q in high frequincy RF elecrical field. Vcos(wt) alternating voltage, and U direct voltage

Accuracy is of mass determination is related with field radius.


Mass separation Quadrupole analzyer

Use of the transformations

8eU _ 4eV

a=——>— =5 ot = 2£
mr02w2 mry-w

gives the following differential equations (Mathieu‘s equations)

—

d®x

—2+(a+2qc052§)x=0

at Describes the motion of charged particle in
| dzy—(a+2qc032§)y=0 the quadrupole field

dt?

d?z 0

dt2
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Mass separation Quadrupole analzyer

Mass Filter stability diagram

a |
0.23699 _ 8*e*U

unstable region unstable region

- y unstable X instable

stable region

> 4%e*\
| | | | | q =
0.2 0.4 0.6 0.8 1.0 q m * lE)Z * (02

0.706
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Mass separation Quadrupole analzyer
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a. ‘ a/q, good resolution 8 * e * U

0,236+ v 5 a= m* 2+ of

_2/q, bad resolution
X unstable 4*e*\

0.1

AY

0.706
* The ratio a/q (which is proportional to U/V) is kept constant

and the absolute values of U and V are increased. . 4eV _ 4eV

M= 2 ~>M>M; =75 —

* For a/g< 0.1678 (which is the top of the stability-diagram) fpWq, W q,
the stability region is entered periodically for the different

Mmasses.

* The slope a/q determines the mass resolution.
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The idea is to keep a/q constant with changing absolute values of U and V
Higher a/q ratio better resolution


Mass separation Quadrupole analzyer

MAX-PLANCK-GESELLSCHAFT

m/z219
A Scan Line
Instabk fﬂ_,.qu,,w_ oyl
= m/z 69 ; -
) m/z 28 E
% #Stable
. pscillation Umstable Region
| ]
RF Voltage
=
= /_\
=]
L] \|
] J L | B B
m/z ]

Scanning the U/V amplitude ratio gives a mass spectrum
* The scan parameters determine the resolution and transmission

* Lower resolution at higher masses
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Mass separation Quadrupole analzyer
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Scan 21 The ratio a/q (which is proportional to U/V) is kept

lon Current tA]

E-05- constant and the absolute values of U and V are

55 increased --> A mass spectrum will result

| W

E-Bglyﬂﬂ — ﬁ f\ e ]r\

> o B e e e e i

0 5 10 15 20 25 30 35 o 45 50
: Mass [amu]
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Mass separation Quadrupole analzyer

Flight path of ions through the mass analyzer

— lon mass identical to set mass (transmission full)

: d®x
—2+(a+2qc032§)x:0
dt
dzy

- —2—(a+2qc052§)y=0
dt
2
a7z _,
dt?
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Quadrupole Mass Spectrometer

Flight path of ions through the mass analyzer

— lon mass higher than set mass (transmission none)

Andrey Tarasov, Mass-spectrometry, Lecture series heterogeneous catalysis, FHI MPG, 30.10.15



MAX-PLANCK-GESELLSCHAFT

U+V-cosw-t

y
Xz vz
lons reach the detector | + p—— +U | - — —u ions are neutralized
¥ — transmission: 1 @~ transmission:
+ — full - —— none
ions are neutralized - — U V- cosw-t . — UV cosu -t ions reach the detector
® w transmission: 2 ® ANA transmission:
low-pass - high-pass .
+ — P — gh-p Fixed M/q
Fixed M/q " : V>V1 transmission
V>V1 no transmission 5 | 5
_ v, Y v, Y _
Fixed U/V " N Fixed U/V
M>M1 transmission , , M>M1 transmission supressed
: 4 !
™, M ™, M
5
i Uberlagerung (superimposition) von xz und yz

yZ XZ (UM fixed)

lons cannot pass | m lons cannot pass

resolution
M

Transmission
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Compromise between sensitivity and resolution


Mass separation Quadrupole analzyer

MAX-PLANCK-GESELLSCHAFT

lon Current [A] :.?soslgtili?lg
E-05- 255
B 100

50
HlE 30

15
mm 2

E-09 4

[amu]
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Mass separation Quadrupole analzyer

Unit Resolution (Relative resolution on 10% peak high)

. ‘ M1 M2
z, Resolution := M/AM
g
E With unit resolution the
resolution increases with
increasing mass number
M
< > 109
| | .

mass

M,/z 200 29°Hg*, M,/z 201, 2°1Hg*, AM=1, Unit Resolution 200
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Mass separation Quadrupole analzyer

MAX-PLANCK-GESELLSCHAFT
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Flight paths of electrons

—
(V)
Q0
S
©
<
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©
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Filament

Grounded electrode
Extraction

Focus

Entrance aperture
Quadrupole

rod system
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Flight paths of positive ions
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Detectors

MAX-PLANCK-GESELLSCHAFT

lon-Source Mass-Filter

| L (TO ) (lon Counting)
-
S Faraday-Cup
p @

Electron Multiplier
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Detectors

Faraday-Cup

* lons leaving the quadrupole mass

spectrometer fly into a ﬂ:-;-{:}

Faraday-Cup and give off their
charge

e Charge is measured as a current by
an electrometer amplifier _ g - — - - - = =

e Measurable currents are from
1E-15to 1E-8 A

1

I
m
0
N
o
o

ion-induced
current ‘
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Detectors

MAX-PLANCK-GESELLSCHAFT

Secondary Electron Multiplier, discrete

e Particles (ions, neutrals, electrons, photons)
hitting a surface with high energy release
several ,secondary electrons”

 Use of several dynodes allows for an
amplification of up to 108

* Low ion currents can be detected easily

* Measuring range 1E-15 to 1E-5A

-1to-3.5kV

e ,Counting” of individual electron bursts allows
for the detection of single ions (1E-19A)

one ion in )
Q5

Positive lon

D16

Electrons

A series of dynodes at increasing\..
potentials produce a cascade of —~— &
electrons.

6
10 electrons out
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Detectors
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Channeltron

lant

Kontakiflachen

lonenaintritts-
affnung

Konversions-
dynode

Befestigungs-
und Konlaklierungs=
slreifen

SEmm
Kolleklor

U mESS

-

* Glastube covered with antimony based material
e Gain 10> - 10°
» for voltage amplification high resistance is used
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Detectors
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1.05 1.0+
J lon Current [E-054] Channeltron 1 lon Current [E-094] Faraday cup
A 1100 ¥ 3
] 1=96"10" A ]
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0.7 0.7

0.6 0.6
E ] 1=57*10" A

0.5 0.5

0.4 0.4

0.3 0.3

0.2 0.2

0.1 0.1
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26 27 28 29 30 3 26 27 28 29 30 31

Mass [amu] Mass [amu]
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Oxygen Isotopes

» / .
Carbon Carbon-13 Carbon-14 8P 8p
# 6 Protons # & Protons # 6 Protons
# 6 Nentrons » T MNentrons » 5 Neutrons
MNuclear number Nuclear number MNuclear number
=6+6 =6+7 =6+8
=12 =13 =14

160 |sotope 180 Isotope

> lonization
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Presentation Notes
The molecular mass is a average of all isotopes. 


MAX-PLANCK-GESELLSCHAFT

» Fragmentation Molecular ion
ABC + e el ABC*Y + 2e
B s AB+C" + 2e
s ABT + C + 2e

e T PO+ 2
e A"+ BC + 2e-

e A\ C + B+ e
el AC + B+ 2e

Fragmention —

Mass Spectrum of Water

18

Relative
Abundance

1 16

DIass
(mass-to-charge ratio)
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Fragmentation

Molecule + electron = lonization of molecule
= Fragmentation of molecule
= Multiple charged ions

= Isotopic effects are shown

Example:
CO, + e (70eV) > CO, +2¢ 44 m/e
. N S5 Ct +2e 12 m/e
oo R sty N T S0t +2e 16 m/e
oo e o o, =2 CO* +2¢ 28 m/e
1 n 2 N 00 3 CO,* + 3e 22 m/e
| h S 12C 160 180 + + 2 e 46 m/e

‘IO 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48

Mass [amu]
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Equilibrium distribution of isotopes

_ et WFo isotope ) EBITEL Irel, %
lrel 100~ P Abundance, % o

o 182\\/ 26.5 83.7

183\ 14.3 45.2
" 184\ 31.6 100.0
- 186\\/ 28.4 89.8

20

a)
o

m/z
[ [ [ [ [ [ [ [ [ |
215 276 277 2718 279 280 281 282 283 284 285

e [sotopic pattern is a fingerprint of all chemical elemets and compounds
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Isotope scrambling

Theoretical pattern of CO,*
1) CO, — '2C0,+13CO, 12C=0.99 13C=0.01

* Distribution is determined by binominal coefficients

k
2) (:1602 C160180 (:1802 n
16 18 0 1 Fow(
3) *0-x, **0-(1-x) 1 1 1 Row1
160 =0.998, 180 = 0.002 L2 L > Row 2]
o 3 1 3 3 1 Row 3
(a+b)" =) (n) a™ gk 4 1 4 6 4 1 Row 4
im0 \k 5 1 5 10 10 5 1 Rows
. . 6 1 6 15 20 15 6 1 Row 6
n —number of equivalent postions, row number, 2 v
. 1 7 21 35 35 21 7 1 Row?7
a, b, abundance of isotopes, x, 1-x.
12C1602
100
2 99%
(X+(1-X)) 10
1 15/0 12C160180
01 0.4%
16 C160180 § 0.01 13C160180
18 - m
C 02 C OZ 1E-3 40pp12C180
/ O\ /N
1E-4
12(:1602 13C16O2 12C160180 13C160180 12C1802 13(:1802 1E-5 l3c18<2.204ppm
0.99*x?> 0.01*x2 0.99%(1-x)?2 0.01*(1-x)2  *° 4L9

0.99%2x*(1-x) 0.01*2x*(1-x)

Andrey Tarasov, Mass-spectrometry, Lecture series heterogeneous catalysis, FHI MPG, 30.10.15


Presenter
Presentation Notes
Complete random mixing of isotopes between specified positions in an ion or neutral to achieve an equilibrium distribution of isotopes. Note: In mass spectrometry, this term usually refers to the random mixing of isotopes in isolated ions that were formed with a fixed isotopic composition.


Fragmentation

MAX-PLANCK-GESELLSCHAFT

Cracking pattern of CO, (calculated)
CcO

2 co!
100 Rel. Intensity / % 2
10 1GO+
12C+
1
0.1
13C+ 180+
0.01
1E-3 - .. -{----1000ppm
1E-4 {88 =82 -{-1-100ppm
1E-5
Cracking pattern of CO, (experimental) Esd L B
Fragmentation distribution at 70 eV 187
1E-8 I I I |
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
o Rel. Intensit 12c%0, m/z
100% el. Intensity . . . .
5 Deviation of experimental and theoretical spectra caused by:
. gkgr » Proximity to equilibrium (equilibrium is not reached)
5 » Kinetic hindrance
» “co," “c*o;’ » Thermodynamically favorable configuration
5 """ 3 |sotopic composition
13~16~+
1000 ppm °c co
5
100 pprm +——+"4+~+—"—1+—1+7"7-r—r4+r--r-r-—r—r—"4+4+Yr—r+rrrr-rrr-r-r-r1-1-

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48

Mass [amu]
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Isotope scrambling

Theoretical pattern of NH,*
1) NH; — NH; + 1°>NH; 1*N=0.996 !>N=0.004

* Distribution is determined by binominal coefficients

2)NH, NH,D NHD, ND, ”O K
1 Fow(
14 — 2D - _
3) H X, D (1 X) 1 1 1 Row 1
'H =0.9999, 2D = 0.0001 2 L2 Row?
. |3 1 3 3 1 Row 3|
n .
(H- + b)ﬂ = ( )[I-ﬂ_hbh 4 1 4 ] 4 1 Row 4
s;gj k 5 1 5 10 10 5 1 Row s
6 5 2 5 .
n —number of equivalent postions, row number, 3 4 : : b 20 b ¢ : Rowo
. 1 7 21 35 35 21 7 1 Row?
a, b, natural abundance of isotopes, x, 1-x.
14NH3
100
(X+(1 'X))3 1 o5 NH,
0.4%
0.01 15NH2D
1E-4 14NH2D 1.2ppm
NH,D NHD, ND, 2 e P Rinp
*ND,_H
AW AY I
1E-10 14ND
14 15 3
L4NH, I5NH, 14NH,D >NH,D ND,H 15SND,H “*ND3 *°ND, le1s ND,
A*3x2(1-x) B*3x%(1-X) A*(1%)° B*(1-X)? 1ens | | | e B
17 18 19 20 21
A*x3 B*x3 A*3X(1'X)2 B*3X(1-X)2 A, B, abundance of N, 15N (0.996, 0.004) m/z
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Presentation Notes
Difficult to distinguish between not fully deuterated or protonated compounds because of mass overlap.



Isotope scrambling

Theoretical pattern of CH,*
1) CH, — 2CH, +3CH, 12C=0.99 13C=0.01

* Distribution is determined by binominal coefficients

k

2) CH CH.,.D CH.,D CH.D CD n
1 4 2 3 2=2 3 4 0 1 Fow(
3)*H-x, “D-(1-x) 1 1 1 Row 1
'H =0.9999, 2D = 0.0001 2 oo Row?2
o 3 1 3 3 1 Row3
(a+b)" = E (n) atEpk | 4 1 4 6 4 1 Row 4|
o \k 5 1 5 10 10 5 1 Row s

6 s 2 : :

n — number of equivalent postions, row number, 4 ; e . = N =0 ) = ] ° 1 Row f
a, b, abundance of isotopes, x, 1-x. ! 7 21 o 33 21 ! I Rowj

12
1004 &
(x+(1-x))? . nep,
sooll “CHD
0.01 .
* f =cHp
1E-4 "
4% ?CH,D,
1E-6

CH D CH D CH 3 CH D S 168

1E-10
*CHD,
1E-12 e

12 13C ?cb
CH“ M neup enp  PCHD2 PCHD, racp yy 13cp y CPs BCDy  aEas .
6Ax2*(1-x)?> 6Bx?*(1-x)? A*(1-x)* B*(1-x)* 1E-16
4Ax3*(1-x) 4Bx3*(1-x) 4Ax*(1-x)?  4Bx*(1-x)3
A, B, abundance of 12C, 13C (0.99, 0.01) m/z
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Isotope scrambling

s - type of particles (humber of isotopes of one element)
n —number of particles

Cs, — number of combinations of n particles with s isotopes (humber of lines in spectra)
(n+s—1)!

T nl(s—1)!
TcO,, s=2 (1¢0, 180), n=4, (4+2-1)!/41(2-1)! =5!/4111=5

S

(H, 2D), n=4, (4 +2-1)1/41(2 - 1)1 =51/4111 =5

C,H,* s=
s=2 (12C, 13C), n=2, (2+2-1)!/21(2-1)!=3

2
2
C2,*C2,=15 (15 possible lines in spectra for ethylene (C,H,*))

[Mo,0,]%, s=7 (**Mo, **Mo, *Mo, **Mo, °*’Mo, **Mo, 1°®Mo), n=2, (2 +7 -1)!/21(7 - 1)! = 28
s=2 (**0, 180), n=7, (7+2-1)!/71(2-1)!=8

C7,*C?,=224 (224 possible lines in spectra of [M0,0, ]*
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Isotope scrambling

Theoretical pattern of C,H,*

1) C,H, — C,H, + 3C,H, + 12C13CH,

* Distribution is determined by binominal coefficients

120=0.99; y 13C=0.01; 1-y n k
0 1 Fow(
1 1 1 Row 1
2) C,H, C,H,D CH,D, C,H;D C,D, [2 1 2 1 Row 2|
14 =0.9999; x 2D =0.0001; 1-x 3 1 3 3 1 Row3
| 4 1 4 6 4 1 Row 4
- L 5 1 5 10 10 5 1 Row 3
(a+b)" = kg] (jg;) b 6 1 6 15 20 15 6 1 Row 6
7 |1 7 21 35 35 21 7 1 Row?

n — number of equivalent postions, row number,2 (C) and 4 (H)
a, b, abundance of isotopes, y, 1-y and x, 1-x,

(y+(1-y))?=y? + 2y*(1-y) + (1-y)? for carbon
(x+(1-x))?=x?+ 4x3*(1-x) + 6x°*(1-x)? + 4x*(1-x)? + (1-x)* for hydrogen

(y+(1-y))? - (x+(1-x))* —— Intensity distribution for 15 possible lines of (C,H,?)
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Isotope scrambling

Theoretical pattern of [Mo,0,]*
2Mo 61.5%

1) Mo %Mo 38.3%

2Mo, ?*Mo, 2°>Mo, *°Mo, ?’Mo, 2Mo, 19°Mo 9SMo 66.0%

a,b,c,defg %Mo 69.1%

97Mo 39.6%

2) 160 — x , 130 - (1-X) 9BMo 100%
160 =O.998, 180 =0.002 1OOMO 39.9%

n —number of equivalent postions, row number,2 (Mo) and 7 (O)
a, b, abundance of isotopes, a, b, ¢, d, e, f, g (Mo); x, 1-x, (O)

(x+(1-x))” - (a+b+ct+d+e+f+g)? > |Intensity distribution for 224 possible lines of (Mo,0,)

Mo207

Loy oz

=07 300 301

a 0

& 09
a|12
| 297 31 | 313 34 315 36

204 203 30z 305 310 314 31s
Mazz Mie
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Quantitative gas analysis

MAX-PLANCE-GESELLSCHAFT

For Isolated spectra

total ion current (x) K (x) — sensitivity to the specific component+
GK(x)

P(x) =

For overlaping spectra

I, = SG[ay;P(N,)+a,,P(CO)]

— £ 3 %k ~ k k
i.,= SG[a,,P(N,)+a,,P(CO)] Iy = KG*Z 0, *n, ~ KG*Z a,,, *P,

I, —ion current of the mass M
0., — ionization cross section of component (molecule) k with formation

K - mstrgmgnt s?n5|t|V|ty of ion with mass M
G- muItlpller gain an ~ 0., /RT—component of cracking pattern, calibration factor
P, — pressure of the k component.
- " — - — ~ - [~ 7 [~ _-1 B .
11 a1 - QAqg P1 P1 aiq A1k L1
iZ _ aqo Ark |20 P2 . a1z A2k ] i2
_im_ _aml amk_ _pk_ _pk_ _aml amk_ _im_

* For the rough estimation the sensitivity provided by the manufacturer for
nitrogen could be used
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Presentation Notes
Intensity is proportional to concentrations.


7k — response coefficient of species i of component k with respect to Ar
Iy — MS intensities (ion currents of mass M)
X; — the mole fractions.

For mixture of CO and CO, with Ar as internal standart.

Ivi = Z Vi G

lpg = V25" [COJ + 755°%?[CO,]
144= 744°°[CO,]
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Quantitative gas analysis

! MCD Parameter < mcdf.mcp > E3
File Edit Options
0l ol
# 0 1 2 3 1 5 6 7 8 9
# lﬁump.mElss I:2 |4 |14 |1E I1B I23 |32 |4I] |44 |55
El oo far o [ o o o o o [1 [0 o
1 [co2 o 0 o o o 0.1364 0 o 0.9 o
2 |H2 0.8 O o o o o O o o o
3 |H20 o o o o 0.75 o o o o o
4 [CxHy o O o o o |0.03 O o o |0.25
5 |N2{cCO o O |2 o o 0.8747 O o o o
6 |02 |u |n ||] |? ||] |n |I].E?E |u |n ||]
7 |He o 0.3 o o o o O o o o

o[
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- _ . -1
a1 A1k P1 L1 [P1] (A1 . Q| [iq]
iz - Gok | [P2] _ |12 125 A2 . Qog iy
|Am1 mil 1Pkl Lim] Pk | Am1 Amic) L.
- A
ak + bg=X X
T o[l =17 '
rsl b Y
+bhs =
ar +bs Y Calibration Experimental
_ factors Unknown lon currents
concentrations
1 B
[a] _ [k q] . lxl _ 1 [ s —q] _ lX] 31 33
b rsi Wyl ks—qr l-r k1ly
Inverse matrix Adjugate matrix
ks — qr = D, matrix determinant
SX — qy ky —rx ky —rx
a=——1 L, 7" b/a=——
ks — qr ks — qr SX —qy
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Presentation Notes
amn are found from calibration with pure gases and following this procedure it is desirable to calibrate with known gas mixtures to ensure that a correct interpretation of the data is being made. 
Amount of variables equals amount of equations. Calculations may be very bulky for multicomponent system. Hence matrixes are quite useful to simplify the data processing.



Quantitative gas analysis

100
= 80 - —12CH30H
= —13CH30H
5 60 |
hd
£
- 40 -
Q
oc
20 -
0 /I\ /I\ | |
27 28 29 30 31 32 33 34

M/Z

Direct calibration, mass matrix of *CH,OH/**CH;OH mixtures
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Quantitative gas analysis

MAX-PLANCK-GESELLSCHAFT

1.2E-10
y = 8.1950E-16x 2.5E-11
T 1E-10 R? = 9.9839E-01 y = 1.5782E-16x
S 2 2E-11 R? = 9.8563E-01
] 3
B L 8 _ ¢
g 2 £ @ 15611
2 © 6E-11 8%
= & e
g3 / T 9
& @ 411 g5 1En
g / ‘» L
S 2E-11 £ 5E-12 .
0 / m/z =29 ® m/z = 30
T T T T T T 1 O . . I
0 20000 40000 60000 80000 100000 120000 140000 0 50000 100000 150000
12CH30H concentration ppm 12CH30H concentration
y = 1.0551E-15x 2.5E-12 2E-10 y=1.4581F-15x
_1.4E-10 - _—e . - ) R? = 9.9985E-01
= o v 1.7146E-17x B 18E10
e » s R? = 9.9781E-01 £ /’
g1-2E-10 € 2812 2 g 16E10
5 El S 1.4E-10
3 1E-10 a a =
o T o )
S 811 / 3.56-12 g 12810
o g S 1E10
oD / » o /./
=< %]
S 6E-11 g 9 8E-11
8 2 1E-12 2
= 4E-11 E 3 6E-11
g ® B 4E11
S~ 2E-11 A w 5E-13 »
m - -
g m/z=32 = = Fu m/z = 31
O T T 1 m/z - 33 0 T T 1
0 50000 100000 150000 0 , , , 0 50000 100000 150000
12CH30H concentration 0 50000 100000 150000 12CH30H concentration

12 CH30OH concentration
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Presentation Notes
Important to calibrate the MS with the approx. same concentration range as you expect in the experiment if calibration performed with aqeus solutions 


Quantitative gas analysis

A Mass Matrix Calculation

»
»

We have 2 species a and b. a = C 12 methanol b = C 13 methanol

Fax = Contribution of species a(C12 methanol) to the peak X } S itivity fact
Fby = Contribution of species b(C13 methanol) to the peak Y } === SENSILIVILY Tactors

—X B Fax Fbx K X = a* Fax + b*Fbx
Y _Fay Fb b ] Y=a*Fay + b*Fby

b Fax-y —Fay-x
a+b y-(Fax — Fbx) + x - (Fby — Fax)

fraction C13 methanol =

Done By E. Kunkes and N. Thomas in ChemCatChem 2015, 7, 1105-1111
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Presentation Notes
One takes a pair of peaks (masses) and consider contribution of both components to the intesity of the ion currents of this masses.



Quantitative gas analysis

MAX-PLANCE-GESELLSCHAFT

Amount of % of C-13 Methanol
catalyst
MS alone MS alone
Sample Loaded ] .
GC and MS 31 and 33 signals 32 and 33 signals

Cu/Zn0O/Al,0, 50mg 93 97 92
Cu/Al,O, 1000mg 94 87 87
Cu/MgO 500 mg 91 88 86
Cu/MgO/Zn 50mg 96 94 91

Done By E. Kunkes and N. Thomas in ChemCatChem 2015, 7, 1105-1111
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Presentation Notes
One could take entire fragmentation pattern and consider the contribution of all masses to each component. However the calculation becomes more complex. 


MAX-PLANCK-GESELLSCHAFT

sLechnically  ,gas”- Virus- Bacteria- water- water water
tight tight tight tight tight drops flows
0.1 pm 0.8 um

3 um 10 pm 30 pm 100 pm 1 mm

103 mbar I/s

Lower detection limit_ Lower detection limit

of vacuum methods | of snooping methods
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MAX-PLANCK-GESELLSCHAFT

5y 107] D plage Sa4ed Wabmes € B30S5h.da0 3 H
Sellt Seho Ry Soped [ 3 i paasisaaS-‘IO'mmbar
Scan 1 T ]
[{lg_!nn Curresa [i] i
<
5 :C’— 21
5 . COIN
28 =N, 5 2
E-10- .] g 11
i C
: | 32-0, i ar
0 . f : |
Yl 0 10 20 30 40
B \ Ilfll J [amu]
; |
| J 1 40 = Ar
] .
L1z [ | Ill( | ﬂ
|'\" ||r\ I ’ |I
| | |
E13 ] ] R il i .
i 5 10 i m m an n Aty -m. ot [-m!:r
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MAX-PLANCE-GESELLSCHAFT

[D1] Display Saved Yalues < heliumD1_sac > M=
Fil=  Display Select Setup Function Special  Info
Scan #1

E—UE—ID" Current [4]

Helium
used for leak detection

E-07
E-08

E-09

E-10+

E-11+

E-12+

E-13-

5 10 156 20 25 30 356 40 45 50
Mass [amu]

| [ % &03 ¥ 2&817260E-07 | c1

Andrey Tarasov, Mass-spectrometry, Lecture series heterogeneous catalysis, FHI MPG, 30.10.15



MAX-PLANCE-GESELLSCHAFT

[D1] Dizplay Saved ¥alues < dem_acet.sac >
File Display Select Setup Function Special Info

Scandl

E_|]5_I|Jn Current [4]

E-06
E-07 1
E-08

E-094

E-10+
E-114

E-124

E13 -+

43

IS[=] E3

Acetone in air,
used for cleaning

LN L L B I B L L B N L B Y B B |
70 80 a0 100
Mass [amu]
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MAX-PLANCE-GESELLSCHAFT

[D1] Dizplay Saved ¥alues < dem_aeth_sac > M= 3
File Dizplay | Select Setup  Function Special Info
Scan #1

Eos O Coment Al

E-06-

| T

E-08 T Ethanol in Air,

E_M__ Used for cleaning
| |

=

E11

=

S T =

Mass [amu]
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Qi
FHI

MAX-PLANCK-GESELLSCHAFT

[D1Displa_|,l Saved Yalues (cH_sac [ [O] =]
Eile leplaysizjsc;153_tup Function Special Info
E—l]E—IDn Current [4] 6 9
1 Carbon tetrafluoride (CF,)
. in air
lﬂ f Etch gas
E-us-_W ﬂ for Semi processes
ﬂ
E-10 ’A
E-11 A
E-12
o I B Il B o B I L B B o e e e B AL B B B B o B b e o S
1] 10 20 30 40 50 60 70 80 100 110 120 L?:ss [amlidl]
| | #9541 |'T’: 1.513320E-11
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MAX-PLANCE-GESELLSCHAFT

[D1] Display Saved Values < dem_hcl.sac > =] E3

File  Display Select Setup Function Special  |nfo

g o Coren 3 6 Hydrogen Chloride (HCI) in

38 air

e.g. Product from PVC

E-07

E-08

:
) 70 72

o 74

E-12+

E-13+

E'14_|""|""|"''|""|""|"''|""|""|""|""|""|""|""|""|""|'"'|""|""|""|""|
0 10 20 30 40 50 60 70 80 90 100
Mass [amu]

| [ % 5409  [Y 5244731E-14 | C 3

Andrey Tarasov, Mass-spectrometry, Lecture series heterogeneous catalysis, FHI MPG, 30.10.15



[D1] Display Saved Yalues < sfbair.zac > =1 E3
Fil=  Dizplay Select Setup  Function Special  Info

Scan #1

E—I]Q—Iun Current [A]

Sulfur hexafluoride (SF;) in air
e.g. Tracer gas, isolation gas

127

140 150
Mass [amu]

| [ % 7125 | Y 2383212E-10 | C 4
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AC)

FHI
[D1]Displa_|,l Saved Yalues < dem_lipx_sac > M= E
File  Display Select Setup Function Special  [nfo
Scan #1 . . . . .
Lo tmcurenty  SOlvent in air, Solvent of Tippex, Oil from vacuum pump (whiteout)
Linear Alkanes are characterized by CH, steps
E-07+
41,42,43 +14
55,56,57 +14
E-08+
69,70,71 +14
[\ 83,84,85....

E-09 ‘J

E-10

E-11+

E-12+

E'13'|""|""|""|""|"''|""|""|""|""|""|""|""|""|""|""|""|'"'|""|""|""|

1] 10 20 30 40 L1 60 70 &0 90 100
Mass [amu]

[ [ X 3222 [¥:5667117E08
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lon current (A)

—

o
-
—

—

o
_
X

10-13

" 2013-11-28 - before bakeout ;;. PR
——— 2014-01-07 - after bakeout o
18 |
i I 44 | |
- 28 . 91 :
| As
ll ‘ :
II | |
L IT
| T" .| l ”. 9?.5
b | |
{ (1K :
|l |\| '.I||- 98 |
F 1} | 1 1] +|
H I i
' l" i o,y MWW

0 10 20 30 40 50 60 70 80 90 100
mass (amu)
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MAX-PLANCK-GESELLSCHAFT

fa)
Al ]
(b)
H,0/(18 mfe)
10°C /min
4
Pty (c)
I
I S R R I I o = e e e
25 50 15 100
Temp., "C

Figure IL.13, Effect of sample packing and sample-holder geometry on the evolution of
water from CaC,0,-H,0 (43).

W Wendland Thermal methods of analysis. John Wiley & Sons, 1974.
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