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Advances in Mass Spectrometry:
ION MOBILITY

Background literature:
Wyttenbach and Bowers, Top Curr Chem 225, 207-232 (2003)
Clemmer et al., Annu Rev Anal Chem 1, 293-327 (2008) Anouk M. Rijs

FELIX Laboratory

Gabelica and Marklund, Curr Opinion Chem Biol 42, 51-59 (2018)

E: arijs@science.ru.nl
W: www.ru.nl/molphys
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Lecture 04

What if just mass spectroscopy is not enough?
OH
ﬁ” UV= 37495 cm™"
HO
HO OH
OH
Glucose (Glc)
OH .
HO Isobaric molecules:
0 - different chemical structure
HO OH - same mass
OH - same fragmentation? -65
Galactose (Gal) . UV= 37550 cm’
OH linear
HO.0
HO
HO OH o o Isomeric molecules:
Mannose (Man) )LNJ\WH\I)LO - same chemical formula
Stereoisomers "o ] Z;frz:eema:;nformation
Ac-Ala-Ala-OBn (B) - same fragmentation?

Bakels, Rijs, Faraday Discussions (2019)
DOI: 10.1039/C8FD00208H

Rijs, Barran, Compagnon, Eyers, Flitsch
Anal. Chem. 89, 4540-4549 (2017).
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Is tandem-MS specific enough?
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. Anomers Regioisomers

Stereoisomers

MW= 180.156 g/mol

. J. Gray, B. Schindler, L. G. Migas, M. Pi¢manova, A. R. Allouche, A. P. Green, S. Mandal, M. S. Motawie, R. Sanchez-Pérez,
- Bjarnholt, B. L. Mgller, A. M. Rijs, P. E. Barran, |. Compagnon, C. E. Eyers, and S. L. Flitsch, Anal. Chem. 89, 4540-4549 (2017).
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Lecture 04

When tandem-MS is not enough....

b — Tandem mass spectrometry
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. J. Gray, B. Schindler, L. G. Migas, M. Picmanova, A. R. Allouche, A. P. Green, S. Mandal, M. S. Motawie, R. Sanchez-Pérez,

Radboud Univer

. Bjarnholt, B. L. Mgller, A. M. Rijs, P. E. Barran, |. Compagnon, C. E. Eyers, and S. L. Flitsch, Anal. Chem. 89, 4540-4549 (2017).

.... lon mobility might bring the solution!

c¢— lon mobility spectrometry

Arrival Time
Distribution

Gal Glc

175
Dot Time (il gocs)

. J. Gray, B. Schindler, L. G. Migas, M. Pi¢manova, A. R. Allouche, A. P. Green, S. Mandal, M. S. Motawie, R. Sanchez-Pérez,
- Bjarnholt, B. L. Mgller, A. M. Rijs, P. E. Barran, |. Compagnon, C. E. Eyers, and S. L. Flitsch, Anal. Chem. 89, 4540-4549 (2017).
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Course Layout — ion mobility mass spectrometry

1) Background into IM-MS (what?, history, fundamental principles)
2) Obtaining mobilities and CCS values

3) Instrumentation
Background literature:

4) Various types of ion mobility +  book
. . . «  Wyttenbach and Bowers,
5) Separation or characterization? TO’S Curr Chem 225, 207-232 (2003)

6) Applications / papers ¢+ Clemmeretal,,
Annu Rev Anal Chem 1, 293-327 (2008)

Gabelica and Marklund,
Curr Opinion Chem Biol 42, 51-59 (2018)

Radboud University §
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Lecture 04

Course Layout — ion mobility mass spectrometry

1) Background into IM-MS (what, history, fundamental principles)

2) Obtaining mobilities and CCS values

. Background literature:
3) Instrumentation «  Book: lon Mobility Spectrometry- Mass

Spectrometry — edited by Wilkens and
4) Various types of ion mobility Trimpin (2016)
. L »  Wyttenbach and Bowers,
5) Separation or characterization? Top Curr Chem 225, 207-232 (2003)

; ; ¢ Clemmer et al.,
6) Applications / papers Annu Rev Anal Chem 1, 293-327 (2008)
*  Gabelica and Marklund,

Curr Opinion Chem Biol 42, 51-59 (2018)

Special thanks to prof. Perdita Barran (Umversny of Manchester) for sharing her IM slides.
For research by the Barran group: https://www.mbc.manchester.ac.uk/barrangroup/
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Typical set-up

Sample Mobility
lonization Separation
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- Separation - detection :
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________________________________________

ion mobility mass spectrometer

Electric field

lons enter
drift tube
— Drift gas

To detector

Focusing rings

Radboud University




Lecture 04

lon Mobility: the general principle

{ N
S

electric field — drift cell

arrival time distribution (ATD)

&
A
P

=

intensity
—_— b

» Gas-phase Separation of isobaric species

+ Drift time converts to collision cross-section (CCS)
= Size information

Radboud University

What is the basis for lon Mobility separation?

2 / Electric Field “pulls”

: Gas Collisions “impede”

Ratio of ion velocity (v) to the applied field (E) is Mobility (K)
Applied over a length (L)

™~
A
P
.

~
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- . . lon mobility
lon Mobility: conformational seperation
ﬁﬁ elongated structqrg
___________________ | )
< /
g /e ®”
// ‘ > \ N\\
=+ .
s /
[N S
Arrival time @
» Same mass, charge, electric field, pressure and temperature @
« Different arrival times ~ different conformations! e e S |

Animation: Bruno Belllina (UoM)

Radboud Universit

Data: Perdita Barran group
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s Non-toxic
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(27

Arrival Time Distribution of Gaseous lons
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MD Movies: Terakawa, Takada, Biophys J. 2011 September 21; 101(6): 1450-1458.
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Historical Background

*  Which came first IMS or MS? Dates?
* Answer: IMS is ~ 15 years older than MS

» John Zeleny B.Sc. (1898) VI. On the ratio of the velocities of the two ions produced in gases by
Roéntgen radiation; and on some related phenomena - Philosophical Magazine Series 5,
46:278, 120-154, DOI:10.1080/14786449808621173

mmm)  We are thus led to suppose, as in liquids, that the observed
velocity difference is due to an.inequality in the size of the
two ions, Why the two ions, even if they are formed of
groups of molecules, should in a simple gas be of a different
size is a question to which definite answers cannot be given
in the present state of our knowledge, or rather ignorance, of
the relation between matter and electricity, but is one which
must be borne in mind in considerations of this relation,

In conclusion, I desire to express my best thanks to
Prof. J. J. Thomson for many valuable suggestions. ~

Cavendish Laboratory,
April 12, 1898.

Radboud Universit
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Timeline of developments in IM-(MS)

e 1890s J. Zeleny, J. J. Thomson, E. Rutherford
Interest in charge carriers gas after recent X-Ray discovery

e 1903 P. Langevin
Theoretical work; basis of todays theory
e 1913 F.W. Aston, J. J. Thomson

Development of first mass spectrometers

e 1950/60s Advances through military/security, pollution, and space research
Combination of lon mobility and mass spectrometry (IM-MS) - study of ion-molecule reactions

e 1960/70s Mason, McDaniel
Study of collision phenomena in ionized gases, book: “Transport Properties of lons in Gases”

e 1990s Bowers, Kebarle, Hill, Russell
Metal ions and clusters. Later: biopolymers and biomolecules
Advances in structural biology (Jarrold, Clemmer, ...)

e 2007 1st commercial IM-MS setup (Waters Synapt HDMS)
since then larger molecules, complexes, many new instruments more accurate calculations, ...

Radboud University

Timeline of developments in IMS

Historical Developments in lon Mobility (IM) Technologies
o Moty

=g Mobilty-Mass Spectrometry

— Temporaly-Dispersive IM-MS

= Spatialy-Desparsive IN-M5.

1896 Thomson and Rutherford construct apparatus 1o study e mobslity of
lons in various gases

1898 Zeleny constructs an IM spectrometer based on ions drifting against
a counterliowing gas stream

1911 Milian devedops apparatus for measuring the size-to-charge ratio of
ol droplets

1928 Tyndall constructs a precision ion mobility drift tube spectrometer
using a dual ion gate design

1930 Tyndall improves mability measurements by using pure drift gases

1961 McDankel couples lan mobility to @ magnetic sector MS (IM-MS)

1963 McAfee and Edelson interface a drift tube orthogonally to a time-of -
flight mass spectrometer (IM-oTOF)

1964 Hasted and coworkers develop mass-selected lon mobdity-mass
spectrometry (MS-IM-MS)

1968 Dole develaps ES| with son mobslity measuremants

1970 fi ion mebility (Plasma C

1975 first commescial DMA (Thermo-Systems)

1982 Lubman couples laser onization with ion mobidity

1382 Hl develops gas chiomatography coupled 10 jon mobdlity

1989 Blanchard describes tandem IM sirategies (IMIM)

- 1990 introduction of FAIMS and DMS

1990 commerncial poriable IM spectromelens (several vendors)

1995 Bowers develops MALDKIM-MS and variable-temparaturs IM

1996 Jarrokd constructs a high resclution deift iube IM spectrometer

1988 Senith develops the dectrodynamic lon funnel

2008 commercial traveling-wave IM-MS (Waters)

300 150 0 2011 trappesd fon mobilty coupled 1o M3 developed (Bruker) May, McLean

2014 commercial drift lube IM-MS {Agilent) . .
Publications Analytical Chemistry 87, 1422 (2015)
Figure 1. (Left) Histogram of the number of publications published per year in ion mobility and jon mobility-mass spectrometry. Note that the scale
s truncated at 300 to highlight the number of publications specifically utilizing IM-MS. Further distinction i made to discriminate the frequency of
publication for both time and space-dispersive IM-M$ publications. (Right) Historical milestones in the development of ion mobility and IM-MS

instrumentation.

Radboud University %



Lecture 04

Applications of IMS

¢ Fundamental research: molecular structure, reactions, dynamic, kinetic
e Industry (pharmaceutical, semiconductor, petrochemical, ...): quality control / security, food security
o Medical applications: breath analysis, cancer recognition

e Security / military: Detection of narcotics, explosives, warfare agents

e Environmental monitoring

e IMS timescale: Combination with orthogonal methods

Dissociation
methods

Waters Corporation

10" seconds

Radboud Universit

Course Layout — ion mobility mass spectrometry

1) Background into IM-MS (what, history, fundamental principles)

2) Obtaining mobilities and CCS values -> Theory

Background literature:

3) Instrumentation «  Book: lon Mobility Spectrometry- Mass
Spectrometry — edited by Wilkens and
4) Various types of ion mobility Trimpin (2016)
. L *  Wyttenbach and Bowers,
5) Separation or characterization? Top Curr Chem 225, 207-232 (2003)

; ; ¢ Clemmer et al.,
6) Applications / papers Annu Rev Anal Chem 1, 293-327 (2008)
*  Gabelica and Marklund,

Curr Opinion Chem Biol 42, 51-59 (2018)

Special thanks to prof. Perdita Barran (University of Manchester) for sharing her IM slides.
For research by the Barran group: https://www.mbc.manchester.ac.uk/barrangroup/
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Theory of IMS

o Definition of mobility K
vq — drift velocity
E — electric field
o Drift time t
L — drift length
to — time offset

e lon mobility K

q — charge ze
N — drift-gas number density

kg — Boltzmann constant
T — drift gas temperature
P — drift gas pressure

Ud:KE

L
ta = + 1o

KE

_ 3 2m  ze
16 |ukgT NQ

p — reduced mass (ion + drift-gas molecule)

distance
speed = ——
) @@((@
§’
E
CCS distance

Radboud Universit

Theory of IMS

o Definition of mobility K
vq — drift velocity
E — electric field

o Drift time t
L — drift length

to — time offset

e Collision cross section Q
(Mason-Schamp equation)

q — charge ze
N — drift-gas number density

kp — Boltzmann constant
T — drift gas temperature
P — drift gas pressure

Ud:KE

¢
17 KE

distance

speed = -
time

@({(ﬁ(ﬁ((

+ 1o

p — reduced mass (ion + drift-gas molecule)

3q 27 1 &
16NV u kgT Ky
! rn
=BT

reduced mobility

Radboud University %
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Theory of IMS — Q determination

<

drift time (ms)

o Definition of mobility K Vd = KE speed = w
vq — drift velocity e
FE — electric field
o Drift time t, td + tO =
L — drift length KE
to — time offset
b R =09999 /,/'
E 2
15 ‘/”

0 5 10 15 20

1V (volt!)

25 30 35

Radboud University §

Theory of lon Mobility: Resolution
e Resolving power R (drift tube)
A Y
: Rpr = ta
_ At
P
=)
i
drift time (ms) g
e Increase R by increasing V, or lower T
e Limited by and t,
(Ilowfield cond?i)tion) td L2 1 .
2 S
§M’Ud < §]€BT K Vd
- increase pressure P

_ 1/ ¢ fVa
4\ kgln2V T

Example:
Rpt =100
AQ =1%

and

electrical
discharges

Arrival Time

http://scienceblogs.com/

Radboud Universit
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Course Layout — ion mobility mass spectrometry

1) Background into IM-MS (what, history, fundamental principles)
2) Obtaining mobilities and CCS values

3) Instrumentation & various types of ion mobility

4) Separation or characterization?

5) Applications / papers

Radboud University

Drift Tube lon Mobility

Radboud University %
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Drift time ion mobility (DTIM / DTIMS)

+ Conventional drift-tube setup

* 2-10 mbar drift-gas pressure

+ Rpr(80 cm) ~ 40

+ “soft” conditions (allows weakly bound species)

* lon funnels: increased transmission, confined
ion clouds allows for larger L

il

lacate P

T o

v Loonnanl0N
RDT X Td XV LE

nES|  Entrance  prift tubes
» Increase drift length L source :funnel:

> Higher R at constantEand p

Lanucara, Holman, Gray, Eyers, Nature Chemistry 6, 281 (2014)
Proteomics, 2015, doi: 10.1002/pmic.201400480, Mass Spectrometry Reviews, 2009, 29, 294-312

fu):wiltnel lon guides /

Quadrupole
Uadrupole %‘tﬂmgm
mass filter | {10

(({((

Dt gas.

Detector

TOF MS

-  Detector
(olf axis)

Radboud Univer:

Higher resolution ion mobility set-ups

ss PO

Source 'tcn F:II'IHBl Drift Tube Exit Funnel Q

Y
2 meter drift tube
R~ 100

ion funnel/trap ion funnel

lon funnels are essential for drift-tube setups

>/ Bowers group; International Journal of Mass Spectrometry, 2009, 287, 46-57

Radboud University {
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o Higher resolution drift-tube

e Multiple IMS selection steps possible

F1IA1GY

ESI

e Enables further investigation of specific conformer

Tandem IMS (and higher resolution)

TOFMS
R = 3500-5000

D1

I D2 | D3 7
3 meter drift tube On-axis

detector

D (total)

\Y,
>A< Clemmer group; Annual Review of Analytical Chemistry, 2008, 1, 293-327 Radboud Universit
/N

Commercial DTIMS

+ Agilent 6560 IM QTOF

* Launched 2013

» 80 cm drift tube

+ Linear field

* Resolution ~60

+ Capable of multiple injections
* Trapping time variation

(A)
Rerar lon Funnel
Drift Tube
Trapping lon Funnel

High-pressure
lon Funnel

lan Mirrar

Inlet Capillary

(8)

High-pressure H:!n Funne| Hexapole lon Guide Collision Cell
Trapping Gate

Quadrupole
Mass Filter

Trapping lon Funnel
¢ lon Pulser

Drift Tube lon Beam
Rear lon Funnal Comprissor
lonization Source
N J
Y Y
lon Mobility Drift Tube Agilent High Resolution Q-TOFMS

Radboud University {5 ¢
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Traveling Wave lon Mobility

Radboud Universit

Commercial TWIMS: Synapt

INTELLTETART

Developed by Waters AR LOCNASS SR

lons radially confined by RF 1B | o -
Buffer gas in drift cell within ‘Triwave’ 0 i BAiTRr
Qo tpX

lons of high K roll over the wave less often tha
species of low K = Shorter transit
Mobility ‘based’ separation

i I e

+  Commercially available
* High sensitivity

* High mass resolution

£ e
gﬂ it
A

* Pre- and post- IM activation possible

* Qdetermination requires calibration + Collision Cross Sections in Ataken in N,
» Scaled to Helium CCS
» Need for calibration

Radboud University %
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Travelling wave ion mobility (TWIMS) Towave 91

DTIMSK Twivs [ERERIIE Pyy y\ :
AT RS

e \
SRIG *
g N\ RF ()
§|\ Lg! l l

distance

uniform electric field

non—uniforr;’naglectric field
Series of ring electrodes (SRIG)

Electric field small region DT, wave pushes ion to detector j

Traveling wave upon which ion surf and traverse the IM cell
» Separation:

* Higher mobility ions: carried by the wave
Lower mobility ions: roll over (longer time to move through)

R 3
fiy -',l,\ |
4 W

i
i
AR

i

b
SRIG *

TWIMS
Biochimica et Biophysica Acta, 2011, 1811, 935-945 and Eyers et al., Nature Chemistry 6, 281 (2014)

*Stacked Ring lon Guide

Radboud University §

Travelling wave ion mobility (TWIMS)

gl
AR T
i ':‘\\\\\\':':*‘," Il/\\\n /

iy

www.youtube.com/user/WatersCorporation

Series of ring electrodes (SRIG)

Electric field small region DT, wave pushes ion to detector j

Traveling wave upon which ion surf and traverse the IM cell
» Separation:

* Higher mobility ions: carried by the wave

Lower mobility ions: roll over (longer time to move through)
Use for separation and CCS characterization after calibration

----- o

i N p'u;.;.;.'\\\

b
SRIG *

TWIMS
Biochimica et Biophysica Acta, 2011, 1811, 935-945 and Eyers et al., Nature Chemistry 6, 281 (2014)

*Stacked Ring lon Guide

Radboud University %
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Travelling wave ion mobility (TWIMS)

TWIMS features:

« Compact design - high resolution
Rpr(80 cm) = 40

Row (25 cm) ~ 40

* No direct CCS (Q) information
» non-uniform electric fields, not able to calculate CCS (Q)
 Calibration required for Q
 Calibration requires defined conditions:
- gas type and pressure
- travelling wave speed and height
- temperature
- ion — similar properties (size, charge, shape)

Biochimica et Biophysica Acta, 2011, 1811, 935-945 and Eyers et al., Nature Chemistry 6, 281 (2014) www.youtube.com/user/WatersCorporation

Radboud University §

Commercial TWIMS: Synapt

INTELLIETART

+ Developed by Waters AR LOCNASS SR

+ lons radially confined by RF | | o
» Buffer gas in drift cell within ‘Triwave’ S STER(WAVE TRIWAVE
c Qo tpX

* lons of high Kroll over the wave less often tha j
species of low K = Shorter transit
* Mobility ‘based’ separation

+  Commercially available

* High sensitivity

g <
-gnh‘"‘
A

* High mass resolution

* Pre- and post- IM activation possible

* Qdetermination requires calibration + Collision Cross Sections in Ataken in N,

» Scaled to Helium CCS
» Need for calibration

Radboud University 7%
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Trapped lon Mobility

Radboud University

Trapped lon Mobility Spectrometry: TIMS

Quadrupole Time of Flight
Filter Ms
Chromatography lon Mobility Separation Mass Selection Mass scan
FWHM 20-100 ms 25-10ms 110 ps
~7s 10 - 50 Hz 100 - 350 precursors/s 9.1 kHz

Radboud University {5 ¢
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n

Entrance Funnel

ion

92Inos
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(il

SLIM: Structures for Lossless lon Manipulation

from

drift tube
electrostatic
bender

differential

pumping |, TOF MS

cryogenic
flat trap

Travelling wave ion mobility

Structural info: Require calibration for CCS
Here, TWIMS used for isomer preselection
SLIM developed by Dick Smith et al. at PNNL
Exceptionally high resolution

Radboud University

(il

SLIM: Structures for Lossless lon Manipulation 15cm

» PCB based electrodes
» Compact, cheap

 High ion throughput

=211 SLIM segments
1.8 m drift length (L)

Rrw o VIBLL

n - number of laps

SLIM: A. M. Hamid et al., Anal. Chem. 2015, 87, 11301

Radboud University
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= different K of ions in low- and high electric fields
= separation

+ FAIMS
- High sensitivity
- Separation of otherwise inseparable species
- Possible to upgrade existing setup

+ No CCS (Q) information
» Prediction very difficult

* “Hot” experimental conditions

Field-asymmetric ion mobility (FAIMS)

* lon introduced in alternating asymmetric field (low and high field)
* lons have different drift time towards the two electrodes

Waveform generator

Gas flow

v

1L

FAIMS cell

FAIMS

Radboud University

REVIEW ARTICLE

Table 1| Comparison of the three main types of IMS.
DTIMS

Rotationally averaged collisional cross-
section (CCS; £2), that is, 'shape’ can be
measured (A%)

Can be used to separate species of very
similar mobility; high resolving power
(>100 as defined by {2/ Af) measured at
FWHMY=

Advantages

Disadvantages The geometric configuration of current
commercial DTIMS-MS instruments means
that they can only be used to separate
analytes immediately post-ionization

Gating-type instruments are susceptible

to ion losses when transferred from
atmaospheric pressure during ionization to the
reduced pressure required for analysis

Eyers et al.,
Nature Chemistry
6, 281 (2014)

Comparison of the three main types of IMS

NATURE CHEMISTRY opo:: 10.1038/NCHEM 1889

TWIMS

Rotationally averaged CCS can be
determined

Can be used for mobility separation of
product ions generated either by collision-
induced dissociation or by electron-transfer
dissociation

CC5 determination requires calibration of the
drift time through the TWIMS cell, ideally
using a calibrant of similar physical and
chemical properties

Relatively low resolving power (<-45
as defined by /A0 at FWHM)»=

lon heating can occur as ions are injected into
the TWIMS cell which may affect gas-phase
conformation. Unless carefully controlled,
the process of measurement may therefore
perturbanalyte structure

FAIMS

High resclving power (< -100 as defined by
0/80 at FWHM)M

Relatively straightforward to transfer the
ion mobility device between different mass
spectrometers

CCS cannot be determined
The geometric configuration of a FAIMS-MS

instrument means that it can only be
used to separate analytes immediately
post-ionization

The percentage of ions detected relative
to those generated following ionization
(that is, the duty cycle) is relatively low
when operated under conditions where
the CV is ramped (CV scanning mode),
reducing sensitivity

CV: compensation voltage; FWHM: full width at half masdmum.

Radboud University
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Course Layout — ion mobility mass spectrometry

1) Background into IM-MS (what, history, fundamental principles)
2) Obtaining mobilities and CCS values

3) Instrumentation & various types of ion mobility

4) Separation or characterization? === Discussion in tutorial !

5) Applications / papers

Radboud University

lon Mobility Tool Box: structural characterization of proteins
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lon Mobility Tool Box: structural characterization of proteins
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Arrival Time Distribution

arrival time distribution&" ™" f\
AIM = ubiquitin A
structural heterogeneity |\
Impact of interactions on conformation spread 12+ )
Denaturing conditions f
elongated structure :
z |9 M
(] 1
c A
B I
J : i n
c \ /N
- o \ / A
qamm 2 7e L
between like _— s
“Native” MS conditions charges
compact, native-like structure
® i
"],,,_, X 500 800 1000 1200 1400 1600 1800 2000 2200
r cCS /A
multiple coexisting structures E iy \>4 ‘ -
with very different size = -,
2 t_s ) [T 1 N

Radboud University

lon Mobility Tool Box: structural characterization of proteins
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Collision Cross Section

AIM =
Structure elucidation
unravel structural features
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Current Opinion in
Chemical Biology 42,
25-33 (2018)

lon Mobility Tool Box: structural characterization of proteins
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Collision Induced Unfolding

- — 80V |
AIM = = 50 - 480\:; ;
conformational stability
Protein unfolding, organization 0 -

* 8V minimum voltage for ion transmission
* native MS 40

+ 40V
* MS: removal of salts and water
(slightly lighter than blue)
* IM: protein collapses

Drift time (ms)
&

+ 80V
* MS: more removal water, salts .
* IM values larger = b
Unfolding of the protein complex 6250 6750

Justin Benesch, J.Am.Soc. Mass Spectrom 20, 341-348 (2009)
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Summary

1) Background into IM-MS (what, history, fundamental principles)

2) Obtaining mobilities and CCS values
= for drift tube via calculations
= for TWIMS (SLIM): via calibration

3) Instrumentation, types of ion mobility
= DTIMS, TWIMS, SLIM, FAIMS, etc

4) Different experiments
= drift time
= arrival time distribution
= collisional cross section
= collisional induced unfolding
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