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▪ A small review of Ion Mobility

− History

− Robustness, time, space, matrix and platform independence

▪ Examples of IMS-HRMS: 

▪ Summary

“Ion path” 
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Firstly: what on earth has the mutiny on the HMS Bounty (1789) 
to do with this talk???? 
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Ion Mobility Spectroscopy Standalone:
Screening Instrument for Security/Military uses

https://www.asiatraveltips.com/news20/412-AirportSecurity.shtml

The IONSCAN 500DT, certified on the 

TSA Qualified Products List for 

security screening, utilizes Ion 

Mobility Spectroscopy (IMS) to 

perform trace analysis of explosives 

in seconds. Easy to use, the 

operators can detect a wide range of 

military, commercial and homemade 

threats.

https://www.bruker.com/en/products-and-solutions/cbrne-detectors/ims.html

https://www.sas.upenn.edu/~lindamf/spectIMS.html

https://www.masatech.eu/blog
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Historical view on Ion 
Mobility (IM) Technologies 

(Jody C. May and John A. McLean*; Anal Chem. 2015 

Feb 3; 87(3): 1422–1436)

https://pubmed.ncbi.nlm.nih.gov/?term=May%20JC%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=McLean%20JA%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4318620/#cor1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4318620/
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Discovered by JJ Thompson and Rutherford 1896, but developed by EW McDaniel in 1950-1960s. First drift tube 
IMS was designed in 1960s

McDaniel E, Martin DW, Barnes WS (1962). "Drift Tube-Mass Spectrometer for Studies of Low-Energy Ion-Molecule Reactions". Review of Scientific Instruments. 33 (1): 2–
7. Bibcode:1962RScI...33....2M. doi:10.1063/1.1717656. ISSN 0034-6748.

▪ First Hybrid IMS TOF MS was designed by Bell Labs in 1963

▪ First commercially available IMS QTOF 2006 (Waters) 

Ion Mobility Spectroscopy is OLDER than Mass Spectrometry!! 

https://en.wikipedia.org/wiki/Bibcode_(identifier)
https://ui.adsabs.harvard.edu/abs/1962RScI...33....2M
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1063%2F1.1717656
https://en.wikipedia.org/wiki/ISSN_(identifier)
https://www.worldcat.org/issn/0034-6748
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terminal velocity v (of an ion) in a gasphase

vd= KE

E is the electric field strength and K is known as the ion’s mobility.

CCS = f{K}, Linear Function of K

(CCS = Collisional Cross Section Size (in Area, Å2))

What is Ion Mobility – Definition: 
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Ion-Mobility principle

Small and compact – rapid 

acceleration

Large, extended

low mobility, less compact, more collisions with gas

high mobility, more compact, less collisions with gas

▪ CCS (~K) is an important 
distinguishing characteristic of 
an ion which is related to: 

−chemical structure

−3-dimensional conformation

▪ CCS (~K) is a physicochemical 

property of an ion.

What is Collision Cross Section (CCS)? 
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How does IMS practically combine into a Mass Spectrometer: 

I.S. Krull, A.S. Rathore, Jared Auclair, LCGC North America, LCGC-11-01-2020, Volume 38, Issue 11, Pages: 619–624

For Targeted methods or for 

prefiltering there are other 

techniques – like FAIMS or 

SelexionTM, but this is not in the

scope of this talk

https://www.chromatographyonline.com/authors/krull
https://www.chromatographyonline.com/authors/rathore-0
https://www.chromatographyonline.com/authors/jared-auclair
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The reason why IMS data collection fits in between Fast 
Chromatography (GC, SFC or LC) and (Q)TOF HRMS:

(Jody C. May and John A. McLean*; Anal Chem. 2015 

Feb 3; 87(3): 1422–1436)

https://pubmed.ncbi.nlm.nih.gov/?term=May%20JC%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=McLean%20JA%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4318620/#cor1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4318620/
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3D resolution: Analysis strategy and sample complexity

3:TOF MS

~50 µsecs

2:T-wave 

Ion Mobility 

10.2 ms

1: UPLC Peak

1-3 secs

Scan range: m/z 50 -1200

1: Chromatographic Resolution 

2: Ion Mobility Resolution 

3: Mass Resolution 
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T-wave IMS

Stacked Ring Ion Guide: Opposite phases of RF voltage are applied to adjacent 
electrodes to provide radial ion confinement and high transmission.
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T-wave IMS

T-Wave DC voltages are applied to electrode pairs in repeating sequence along the device
and step to respective adjacent electrode pairs.
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T-wave IMS

Ions are propelled along the ion mobility separation device.
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CCS and Time Robustness
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Robustness: CCS as a constant part 1
QC mix CCS reproducibility over 10 weeks, 24/7 acquisition  ESI+ using a single ion mobility calibration.
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Robustness: CCS as a constant part 2

QC mix CCS reproducibility over 10 weeks, 24/7 acquisition  ESI- using a single ion mobility calibration.

120

140

160

180

200

220

240

260

280

0 100 200 300 400 500 600

CC
S 

Å
2

QC Mix Injection Number

-ve Mode Ion Mobility:One Calibration 10 

weeks CCS Reproducibility  

acetaminophen

leucine enkephalin

reserpine

sulphadimethoxine

sulphaguanidine

valtyrval

Waters Application Note March 2020 720006769EN AG-PDF: Small molecule ion mobility investigations into cross-platform and long-term robustness of a CCS metric Mike 

McCullagh1; Michelle Wood2; Nayan Mistry2; Severine Goscinny3 and Petur Dalsgaard4

1Waters Corporation, Wilmslow, United Kingdom; 2Sciensano, Brussels, Belgium; 3Department of Forensic Medicine, University of Copenhagen, Copenhagen, Denmark
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Synapt mean CCS errors (±SD) for the 200 pesticides over 4 years. 
Zone in grey highlights the compounds with m/z below 200

Towards the use of ion mobility mass spectrometry‐derived collision cross section as a screening approach for unambiguous identification of targeted pesticides in food. Séverine Goscinny, 

Michael McCullagh, Johann Far, Edwin De Pauw and Gauthier Eppe. Rapid Commun Mass Spectrom. 2019;1–15.
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CCS and Platform Robustness
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Synapt linear IM (compared over a period of 3 years) and cIM for fluoroquinolone protomer CCS reproducibility.
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Robustness between platforms (Waters): CCS as a constant part 1
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Vion inter-site CCS versus SYNAPT CCS and  corresponding 
frequency distribution for inter-site Vion library ΔCCS.

R² = 0.9977
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Vion intra-site CCS versus SYNAPT CCS and  corresponding 
frequency distribution for intra-site Vion library ΔCCS.

R² = 0.9979
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Cross platform comparison of charged isomer species

R² = 0.9984
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Investigations into pesticide charge site isomers using conventional IM and cIM systems. Michael McCullagh, Séverine Goscinny, Martin Palmer, Jakub Ujma, Talanta, Volume 234, 2021, 122604.
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GC and LC Retention Times

73 pesticides
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GC and LC CCS Values :
Independent of Inlet/Chromatography

Y=0.9994x + 0.0569

R²=0.9981

p-value=1.498e-098

73 pesticides



27©2023 Waters Corporation

▪ Within Waters portfolio : Yes

▪ Between Instrument Manufacturers? Maybe if ...vd= KE

Time, Space and Platform Robustness and Indepence: 
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CCS and MATRIX ROBUSTNESS
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Matrix and Chromatography (UHPLC)
Complex matrix dependent retention time shift: Boscalid as example
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Impact of Matrix Type Concentration on CCS Reproducibility

Dried cumin
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Impact of Matrix Type Concentration on CCS Reproducibility

Black tea
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Impact of Matrix Type Concentration on CCS Reproducibility

Mixed rice
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Impact of Matrix Type Concentration on CCS Reproducibility

Honey
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Impact of Matrix Type Concentration on CCS Reproducibility

Courgette
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Impact of Matrix Type Concentration on CCS Reproducibility

Apple
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Impact of matrix type concentration on CCS reproducibility

AppleDried cumin

Black tea Mixed rice

Honey Courgette
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Impact of matrix load on CCS measurement for pesticides at constant concentration
(100 ng.mL-1). Comparison shown as percent difference with RefCCS

Towards the use of ion mobility mass spectrometry‐derived collision cross section as a screening approach for unambiguous identification of targeted pesticides in food. Séverine Goscinny, 

Michael McCullagh, Johann Far, Edwin De Pauw and Gauthier Eppe. Rapid Commun Mass Spectrom. 2019;1–15.

60 g /100 mL10 g /100 mL 40 g /100 mL
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▪ Unique analyte visibility in complex sample analysis

▪ Unique Scientific Outcomes

UPLC Ion mobility  mass spectrometry 3D resolution: enhanced 
peak capacity and selectivity
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Ion Mobility Examples: LC-IMS-HRMS
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Steviol glycosides Analysis: Authentication Profiling Using CCS 
Libraries

− What are Steviol glycosides.

− Where/Why  Are They Used.

− Why is Analysis Required.

− Why IMS
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Steviol glycosides profiled using ion mobility

Rubusoside
M-H=641.3179 Da
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M-H=641.3179 Da
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Determined micro-flow UPLC retention times and TWCCSN2 values

Compound Formula [M-H]-

m/z
Expected
Rt (mins)

Reference
TWCCSN2 

(Å2)

Reference

[M - H +
HCO2H]-

TWCCSN2 (Å2)

rebaudioside E C44H70O23 965.4230 6.61 289.2

298.7 (5%).

rebaudioside D C50H80O28 1127.4758 6.68 321.8

324.5 (11%)

rebaudioside A
C44H70O23 965.4230 7.17

298.9

311.3 (19%)

stevioside
C38H60O18 803.3701 7.20

269.6

278.1 (46%),

rebaudioside F C43H68O22 935.4124 7.32 293.2

306.5 (9%),

rebaudioside C
C44H70O22 949.4280 7.37

299.5

308.1 (10%),

dulcoside A
C38H60O17 787.3752 7.40

270.6

rubusoside C32H50O13 641.3173 7.56 241.3

250.2 (284%)

rebaudioside B C38H60O18 803.3701 7.77 261.2

steviolbioside C32H50O13 641.3173 7.81 235.8

steviol C20H30O3 317.2117 9.48 173.4

Steviol glycoside characterisation (spiked chocolate spread extract matrix)
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Dulcoside A

Rebaudioside B

Rubusoside

Rebaudioside A

Rebaudioside C

Rebaudioside D

Steviolbioside

Steviol

Stevioside

Rebaudioside E

In
te

n
s
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y
 [

c
o
u
n
ts

]

Retention time [mins]

m/z 803.37

m/z 949.42

m/z 1127.47

m/z 641.31

m/z 317.21

m/z 965.42

m/z 803.37

m/z 787.37

 

Extracted mass chromatograms for steviol and profiled steviol glycosides 
≤100pg/µL spiked into chocolate spread extract.

Steviolbioside 0.72pg

Rubusoside 0.68pg

Rebaudioside B 0.7pg

Stevioside 1pg

Rebaudioside D 0.80pg

Rebaudioside  E 0.92pg

Rebaudioside F 0.76pg

Dulcoside A 1pg

Rebaudioside A 1pg Rebaudioside C 1pg

Observed m/z

In
te

n
s
it
y

In
te

n
s
it
y

641.3173

▪ Chromatographically coeluting isomeric species observed

▪ Waters ACQUITY UPLC M-Class® System

▪ Miroflow reverse phase gradient: iKey @ 2.0µL/min

▪ Injection Volume: 1µl (full loop)
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Ion mobility ATD drift time plot showing two mobility separated species at m/z 787.37 
for Reb C and Dulcoside A

B: CCS=256.9Å2

Rebaudioside C 
Fragment
m/z 787.3777

A: CCS=271.1Å2

Dulcoside A
m/z 787.3776

A

B

Drift time [ms]

rebaudioside C

r2=0.99

rebaudioside A 
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rebaudioside D 
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Concentration pg/µLConcentration pg/µL

Concentration pg/µL
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Ion Mobility convoluted isomeric quantitation of steviol glycosides

Calculated Concentration pg/µL

HRMSE HDMSE HRMSE HDMSE

Sample code dulcoside A

[M-H]-

dulcoside A

[M-H]-

stevioside

[M-H]-

stevioside

[M-H]-

Sample 1 386.10 98.39* 1843.24 1374.0

Sample 2 31.33 Not observed 1823.76 Not observed

Sample 3 18.97 Not observed 1505.52 Not observed

Sample 4 10.14 Not observed 1337.54 Not observed

Sample 5 37.24 Not observed 1840.37 Not observed

Sample 6 577.18 105.93 2315.34 2196.0

Sample 7 128.54 Not observed 1620.93 1306.62

Sample BE22 61.54 Not observed 1370.90 190.79

Sample T9 503.15 262.58 2578.72 2285.08

Sample TB6 152.90 Not observed 1730.29 1610.28

Sample BB1 549.45 Not observed 1682.17 1404.13
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Soft drink analysis 2020: And still working in 2023!

• Robust, reproducible CCS values: Standing the test of time

• Methodology: UPLC-IM-MS

• Steviol glycosides identified using CCS: Retention times determined using 10 min retention time window 
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The “HMS Bounty Rule”
Never Trade Dimensions for Accuracy (Bleiner et al. (in Prep))

Wikipedia 2023
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Before accurate chronometers: No accurate determination of Longitude 

√ No

Latitude Longitude
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Retention Time 

(xC; x = G, L, SF)

Accurate

Mass 

(HRMS)

Collisional 

Cross-Section 

(IMS)

Adapted from M. McCullagh et al 2021
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Never trade accuracy for dimensions!
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Collaboration between Merck KGaA and Waters 
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▪ Cross referencing Merck (Sigma-Aldrich) and Waters 

Collaboration with Sigma-Aldrich (Merck KGaA) part 2:

https://www.sigmaaldrich.com/DE/en/product/sial/73096?context=product
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Summary

 CCS is complementary to mass and retention time ( 3 dimensions of resolution) √

 CCS robustness√

 Non-targeted screening in complex matrices√

 Reduced false detection rates√

 Differentiated isomers using CCS√

 Low intensity monoisotopic peak/ no product ions: CCS additional metric √

 Non labile compounds/ no product ions: CCS additional metric √

 Unique isomeric quantitation: CCS additional metric √

 True calculated concentration determined √

 Adducts provide an additional descriptor √

 Ion mobility product ions √ 



56©2023 Waters Corporation

Acknowledgements

 Eurachem for inviting ☺

 Mike McCullagh Waters & Waters  Corp Wilmslow

 Markus Obkircher, Sigma-Aldrich (Merck) Switzerland

 Matthias Nold & Hanspeter Sprecher Sigma-Aldrich (Merck) Switzerland

 Coralie Leonard, Sigma-Aldrich (Merck), Europe



THANK YOU !

Merci viu mau!



58©2023 Waters Corporation

 Use of ion mobility mass spectrometry to enhance cumulative analytical specificity and separation to profile 6‐C/8‐Cglycosylflavone 

critical isomer pairs and known–unknowns in medicinal plants. Michael McCullagh, Cintia Alessandra Matiucci Pereira and Janete Harumi 

Yariwake. Phytochemical Analysis. 2019;1–13

 Exploring the Complexity of Steviol Glycosides Analysis Using Ion Mobility Mass Spectrometry. Michael McCullagh, David Douce, Els Van 

Hoeck and Severine Goscinny. Anal. Chem. 2018, 90, 4585−4595.

 Investigations into the performance of travelling wave enabled conventional and cyclic ion mobility systems to characterise protomers of 

fluoroquinolone antibiotic residues. Michael McCullagh, Kevin Giles, Keith Richardson, Sara Stead and Martin Palmer. Rapid Commun Mass 

Spectrom. 2019;1–11.

 Towards the use of ion mobility mass spectrometry‐derived collision cross section as a screening approach for unambiguous 

identification of targeted pesticides in food. Séverine Goscinny, Michael McCullagh, Johann Far, Edwin De Pauw and Gauthier Eppe. Rapid 

Commun Mass Spectrom. 2019;1–15.

 A Comparison of Collision Cross Section Values Obtained via Ion Mobility Spectrometry Following Direct Infusion and an Evaluation of 

U(H)PLC-IM-MS for the Characterisation of Metabolites in Rat Urine. Leanne C. Nye, Jonathan P. Williams, Nyasha C. Munjoma, Marine P.M. 

Letertre, Muireann Coen, Robbin Bouwmeester, Jeremy K. Nicholson, Robert S. Plumb, Michael McCullagh, Lee A, Gethings, Steven Lai, James I. 

Langridge, Johannes P.C. Vissers, Ian D. Wilson. J Chromatogr A2019 Sep 27;1602:386-396.

Recent Publications



59©2023 Waters Corporation

 Profiling of the known-unknown Passiflora variant complement by liquid chromatography - Ion mobility - Mass spectrometry. Michael McCullagh, Jeff Goshawk,  David Eatough, Russell J. 
Mortishire-Smith, Cintia AM. Pereira, Janete H. Yariwake, Johannes PC. Vissers. Talanta 221 (2021) 121311 

 Travelling Wave Ion Mobility-Derived Collision Cross Section for Mycotoxins: investigating interlaboratory and interplatform reproducibility. Laura Righetti, Nicola Dreolin, Alberto Celma, 
Mike McCullagh, Gitte Barknowitz, Juan V. Sancho, Chiara Dall’Asta. J. Agric. Food Chem. 2020, Publication Date:September 1, 2020.

 APPLICATION NOTES

 Collision Cross Section- A New Identification Point for a “Catch All” Non-Targeted Screening Approach. Michael McCullagh1 and Severine Goscinny2. 1Waters Corporation, Wilmslow, United 
Kingdom; 2Sciensano, Brussels, Belgium. Waters Application Note June 2014 720005055EN. 

 Discovery of pesticide protomers using routine ion mobility screening. Michael McCullagh  and Severine Goscinny2. 1Waters Corporation, Wilmslow, United Kingdom; 2Sciensano, Brussels, 
Belgium. Note 2014, 720005028E.

 Ion Mobility in a Routine Workflow to Understand the Challenge of Analyzing Fluoroquinolone  Antibiotic Residues. Michael McCullagh  and Sara Stead. Waters Corporation, Wilmslow, 
United Kingdom Note June 2014, 720005078E.

 Cleanup and Collision Cross Section Values toIncrease Confidence and Efficiency in Pesticide Residues Screening  Strategies. Michael McCullagh  and Severine Goscinny2. 1Waters 
Corporation, Wilmslow, United Kingdom; 2Sciensano, Brussels, Belgium. Note 2014, 720005080E.

 Enhancing analysis specificity and deconvolution of natural products using a positive mode ion mobility mass spectrometry library. Michael McCullagh; Jeff Goshawk; Russell Mortishire-
Smith. Waters Application Note September 2019 720006650EN

 Un-paralleled multi-factor authentication mass spectrometry of complex natural products utilising UPLC and ion mobility. Michael McCullagh; Russell Mortishire-Smith and Jeff Goshawk. 
Waters Application Note March 2020 720006791EN

 Small molecule ion mobility investigations into cross-platform and long-term robustness of a CCS metric. Mike McCullagh1; Michelle Wood2; Nayan Mistry2; Severine Goscinny3 and Petur
Dalsgaard4. 1Waters Corporation, Wilmslow, United Kingdom; 2Sciensano, Brussels, Belgium; 3Department of Forensic Medicine, University of Copenhagen, Copenhagen, Denmark. Waters 
Application Note March 2020 720006769EN.

 Use of ion mobility TWCCSN2 values in non-targeted food additives screening Michael McCullagh1; Jeff Goshawk1, and Severine Goscinny2. 1Waters Corporation, Wilmslow, United Kingdom; 
2Sciensano, Brussels, Belgium. Waters Application Note February 2020 720006768EN.

 A Workflow for Automatic MS Library Creation from Time-of-Flight Full-Spectra  Data Processed in UNIFI. Jeff Goshawk, Gitte Barknowitz, and Michael McCullagh February 2020 
720006783EN

Recent Publications


