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From atmosphere to high vacuum
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Origin of collisions




Mean free path and collision cross-section
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- Hard-sphere model - classical mechanics view of collisions

- Mean free path: the average distance travelled by the ion between successive
collisions



A more convenient expression

n = 102430(lop/T)

|is the length in m, o the collision cross-section in A2, p is pressure in
mbar, and T Is temperature in K.

If nothing better:
0= .715(\3/ 3M /4mp + Rg)2

M; is the mass of the ion, R, is the radius of the gas, p is the density of
the ion (for a protein, try 0.33 Da/ A3)




How many collisions are there?
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» Calculation at typical ToF pressure - scattering




How many collisions are there?
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» Calculation at typical collision-cell pressure - can enable “chemistry”



Collisions are inevitable, and often intentional

Scattering

*Collisional focussing and cooling
*Collisional activation

*lon mobillity spectrometry



lon acceleration due to gas flow

Atmospheric pressure
to rough vacuum

Gas stream expands

lons accelerated to
velocity of gas jet
(~300m/s)

1MDa = ~ 1keV

a—

e . e
w - _
S . -




lon acceleration due to gas flow

lons diverge due to gas
expansion and
Coulombic repulsion ions gas flow

Focussing of large ions
can is difficult due to
high kinetic energies
and low charge states




Collisional focussing
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- Both axial and radial components of the ions’ velocity can be dampened by

collisions with background gas



RF-only multipolar ion guides
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- Operate multipole ion guide without the application of DC voltage (i.e. U=0)



Focussing in multipole

Focussing results in ions flying
stably between the rods and through
the apertures

Focussing only works if the
quadrupolar field is strong enough to
overcome the momentum of the ion

Could increase the field (
amplitude) but increased chance of
voltage breakdown

Or, decelerating ions



Collisional focussing

“Increase pressure in RF-only ion guide

ADH (147kDa)

O
fo's

— 93ubar| Ifthe pressureis
— 40.0 pbar too low, ions don't
0.4 — 93.3 pbar make it through

the apertures

~ Alternatives

include increasing
........................................... tlme Spent |n |On
guide

\
|
|

Distance from Axis (mm)
o
NN o

0 5 10 15 20
Distance Along Multipole (cm)

©
00




relative intensity, %

Collisional focussing and scattering
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Focussing in Tok
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Focussing in Tok

~'Varying source pressure and recording
signal across 4-part MCP detector on

QStar

- Total signal reaches a
maximum then
decreases

- Sighal moves across
MCP

- Over/undershooting
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Collisional activation
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—nergy transfer

AE =2V, (1 =[(M? + M2)/[(M+M,)4]")

M; and M, are the masses of the ion and gas respectively. z is the
charge state of the ion, and V, the accelerating voltage, and n the
number of collisions



—nergy accumulation

QToF Ultima collision cell, 30uBar Ar in cell
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—nergy accumulation
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Why can ions stay intact?

* 10+ ion accelerated by 200 V = 2000 eV
« C-C bond approximately 3.6 eV
- Hydrogen bond approximately 0.25 eV

* Does not take into account internal vibrational redistribution of energy over
degrees of freedom

* Vibrational modes = 3N-6
* Average number of atoms in amino acid residue = 16.2
* Rough calculation: N = 150*16 = 2400; 3N = 7200; So <0.3 eV/mode

* RRKM theory



lon mobility

The mobility (K) of an ion is its ability to traverse a
region of gas under the influence of an electric field
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Principles of IM separation
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Different schemes for IM separation
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- IMS relies on opposition of effects

of both the electric field and gas
flow experienced by the ions

- Separation can be performed on

axis, or off axis

« Electric field does not need to be

constant



Some types of IM separation - DMA

Qutlet

- “Differential mobility analyser” : can act as an ion mobillity filter



Drift tulbbe i1on mobility spectrometry (

DT-IMS)
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* Separation of ions according to their ability to traverse
the influence of a weak electric field

Drift Time

a region of gas under

« Separation is based on ion ‘mobility’, unlike time-of-flight separation (mass)



Some types of IM separation - Drift tulbe
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- Drift time is inversely proportional to charge
- Drift time is proportional to collision cross section (CCS, Q)
- CCS depends on the radius of the gas, the ion, and their interaction



Some types of IM separation - Travelling wave
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 DC waves travel down the cell

* lons surf down the waves and “roll-over”

* RF confinement - transmission almost 100%







lon mobility - mass spectrometry (IM-MS)
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lon mobility - integration into mass spectrometers
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Obtaining an experimental CCS
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 Every feature resolved in m/z has an associated drift time distribution
* Drift time is converted into CCS either directly or via calibration



IM resolution and peak widths

Whiot = Waitfusion + Wspace-charge + Wpulse + Wheactions + Weconformations

* In our experimental set up the major contributor is the last term

Drift Tube
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Resolution in T-wave is Defined Differently than
in Drift Tubes

« Due to power term in conversion of time to CCS for T-Wave, CCS resolution
Is not equal to that in time (typically 2 or 3-fold higher)



Calibration procedure
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- Standard calibration approach
- Important to use appropriate calibrants

Ruotolo et al, Nat Protoc (2008), 3, 1139-52; Bush et al, Anal Chem (2010), 82, 9557-65



Measuring CCS - drift tube and travelling wave IMS

- Work through: http://www.fhi-berlin.mpg.de/mp/pagel/Pagel/Home.html

- Manufacturer’s software, or pulsar.chem.ox.ac.uk
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http://www.fhi-berlin.mpg.de/mp/pagel/Pagel/Home.html
http://pulsar.chem.ox.ac.uk

CCS calculation

* Different methods for calculating CCS from structures are available

+ Fastest are based on a projection approximation (impact.chem.ox.ac.uk)

* For more detailed study the trajectory method is useful

* For electron densities EMnIM@chem.ox.ac.uk
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http://impact.chem.ox.ac.uk
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IM-MS “trendlines”
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« Different bimolecular classes have different effective densities in vacuum



Heterogeneous molecules

2500

2000

Mass (M/Z)

1000

35075

100 150 170
Drift Time (Scans)

PEG sample - multiple different trends due to conformations, charging etc
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