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Abstract 
 
Environmental contamina0on by chemical pollutants, par0cularly halogenated persistent 
organic pollutants (POPs), remains a major concern due to their toxicity and persistence. 
Tradi0onal analy0cal methods, such as gas chromatography-mass spectrometry (GC-MS), 
have been widely used for detec0ng and quan0fying these contaminants. However, ion 
mobility spectrometry (IM) has emerged as a powerful complementary technique, offering 
enhanced separa0on and greater confidence in analyte iden0fica0on. 
 
This thesis focuses on developing and op0mizing a gas chromatography-atmospheric pressure 
chemical ioniza0on-trapped ion mobility spectrometry-0me-of-flight mass spectrometry (GC-
APCI-TIMS-TOFMS) system for the analysis of halogenated contaminants. The feasibility of this 
system is evaluated for both targeted and untargeted analyses in complex food and biological 
matrices. 
 
The first and second part of the thesis details the development and op0miza0on of the GC-
APCI-TIMS-TOFMS system, including the determina0on of collision cross sec0ons (CCS) for 
halogenated POPs, cri0cal instrument parameter op0miza0on, and assessment of ion mobility 
separa0on for isomeric and isobaric species. The third part evaluates the quan0ta0ve 
performance of the system, assessing linearity, limits of quan0fica0on (LOQs), precision, 
accuracy and uncertainty. The benefits of ion mobility, such as enhanced selec0vity and the 
use of CCS for analyte confirma0on, are also explored. The fourth part applies the developed 
method to the non-targeted analysis of halogenated compounds in a stranded killer whale, 
demonstra0ng the poten0al of ion mobility-mass spectrometry for pollutant characteriza0on. 
 
The thesis concludes with a discussion on the broader implica0ons of these findings, 
emphasizing the role of ion mobility-mass spectrometry in advancing regulatory contaminant 
analysis and environmental monitoring. 
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Résumé 
 
La contamina0on de l'environnement par les polluants chimiques, en par0culier les polluants 
organiques persistants (POP) halogénés, reste une préoccupa0on majeure en raison de leur 
toxicité et de leur persistance. Les méthodes analy0ques tradi0onnelles, telles que la 
chromatographie en phase gazeuse et la spectrométrie de masse (GC-MS), ont été largement 
u0lisées pour détecter et quan0fier ces contaminants. Cependant, la spectrométrie de 
mobilité ionique (IM) s'est imposée comme une technique complémentaire puissante, offrant 
une sépara0on améliorée, une meilleure spécificité et une plus grande confiance dans 
l'iden0fica0on de l'analyte. 
 
CeVe thèse se concentre sur le développement et l'op0misa0on d'un système de 
« chromatographie en phase gazeuse - ionisa0on chimique à pression atmosphérique - 
spectrométrie de mobilité ionique piégée - spectrométrie de masse à temps de vol » (GC-
APCI-TIMS-TOFMS) pour l'analyse des contaminants halogénés. La faisabilité de ce système 
est évaluée pour des analyses ciblées et non ciblées dans des matrices alimentaires et 
biologiques complexes. 
 
Les deux premières par0es de la thèse détaille le développement et l'op0misa0on du système 
GC-APCI-TIMS-TOFMS, y compris la détermina0on des sec0ons transversales de collision (CCS) 
pour les POP halogénés et l'op0misa0on des paramètres cri0ques de l'instrument. La 
troisième par0e évalue les performances quan0ta0ves du système, en évaluant la linéarité, 
les limites de quan0fica0on, la précision, l'exac0tude et l'incer0tude. Les avantages de la 
mobilité ionique, tels que l'améliora0on de la sépara0on de la mobilité ionique pour les 
espèces isomériques et isobariques et l'u0lisa0on du CCS pour la confirma0on des analytes, 
sont également explorés. La quatrième par0e applique la méthode développée à l'analyse 
non ciblée de composés halogénés dans une orque échouée, démontrant le poten0el du 
couplage entre la mobilité ionique et la spectrométrie de masse pour la caractérisa0on des 
polluants. 
 
La thèse se termine par une discussion sur les implica0ons plus larges de ces résultats, 
soulignant le rôle de la spectrométrie de masse avec mobilité ionique dans l'avancement de 
l'analyse réglementaire des contaminants et de la surveillance de l'environnement. 
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MS/MS Tandem mass spectrometry 
m/z Mass-to-charge ra0o 
N Gas number density 
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pent Entrance TIMS pressure 
PASEF Parallel accumula0on serial fragmenta0on 
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PCDDs Polychlorinated dibenzo-p-dioxins 
PCDFs Polychlorinated dibenzofurans 
PCNs Polychlorinated naphtalenes 
PFAS Per and Poly-fluoroalkyl substances 
POP Persistent organic pollutant 
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RT Reten0on 0me 
SLIM Structures for lossless ion manipula0on 
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TA Targeted analysis 
TEF Toxic equivalent factor 
TEQ Toxic equivalent quan0ty 
TIM Total ion mobilogram 
TIMS Trapped ion mobility spectrometry 
TOF Time-of-flight 
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U Expended measurement uncertainty 
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12C11
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Reference: HART, Jeremy R. (2020). Measurement artefacts, ion mobility and other observaAons in environmental mass 
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“The earliest humans, and even those living little more than 
a century ago, must have thought of the Earth as so vast 

that human activity could scarcely have any more than local 
effects on the soil, water, and air. Today we realize that our 

activities can have not only local and regional, but also 
global, consequences.” 

Colin Baird & Michael Cann            
Environmental chemistry textbook 5thed. 
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1.1 Chemical pollu/on 
 
Over the last century, technological and economic development has led to a drama6c, though uneven, 
improvement in living standards worldwide. These advances have transformed how we travel, produce 
food, dress, use energy, communicate, and treat disease. However, alongside a nearly seven-fold 
increase in the global popula6on over the past two centuries, anthropogenic ac6vi6es have placed 
immense pressure on the planet’s sustainability. Current global environmental challenges include the 
deple6on of natural resources, accelerated species ex6nc6on, ocean acidifica6on, land-use and 
climate change, and widespread chemical pollu6on1,2. 
 
Chemistry plays a central role in modern society. The produc6on of diverse chemicals has contributed 
to longer, healthier, and more comfortable lives3. Yet, un6l recently, insufficient aDen6on was paid to 
the environmental consequences of chemical emissions into the air, water, and soil4. For much of the 
20th century, chemical pollu6on was largely regarded as a problem that could be solved through 
dilu6on. However, a series of environmental disasters and the growing awareness among scien6sts* 
about the long-term effects of pollutants led to the first formal regula6ons on the manufacture, use, 
and disposal of chemicals in the 1970s6. Today, common control measures include monitoring the 
presence of chemicals in the environment and organisms, regula6ng or banning hazardous substances, 
registering new chemicals before their release on the market, and implemen6ng remedia6on 
strategies at contaminated sites3. 
 
Now more than ever, concerns are growing about the release of certain substances into the 
environment, commonly referred to as micropollutants7. These are chemicals present at 
concentra6ons above natural levels that can nega6vely impact the environment and living organisms. 
Micropollutants encompass a wide range of substances8,9, including inorganic compounds (e.g., heavy 
metals, nitrates), organic pollutants, gaseous compounds (e.g., CO2, NOx, CFCs), radioac6ve isotopes, 
and nanomaterials. They can be further classified by their source or use (e.g., industrial, agricultural, 
pharmaceu6cal, personal care products), their chemical proper6es (e.g., persistence, mobility, 
bioaccumula6on, and toxicity), and their regulatory status (e.g., regulated or emerging contaminants). 
 
Among organic micropollutants is a class of extensively halogenated compounds containing fluorine, 
chlorine, or bromine, commonly referred to as environmental halogenated pollutants or halogenated 
organic compounds (HOCs)10. Most HOCs are synthe6c and have been produced for a wide range of 
industrial applica6ons11 (Table 1.1). However, some are generated uninten6onally as by-products of 
industrial processes (e.g., dioxins during waste incinera6on11), while others also occur naturally, 
produced by organisms such as sponges, algae, and bacteria (i.e., halogenated natural products, 
HNPs12), or during natural events like wildfires and volcanic erup6ons13. 
 

Table 1.1 – Industrial use and year of entry in the Stockholm conven7on of regulated classes of HOCs. 

Class name Industrial use(s) Year of entry in Stockholm 
conven>on 

Polychlorinated 
biphenyls (PCBs) 

- Flame 
retardants 

- Capacitors 
and 
transformers 

2001 

 
* Among which the biologist Rachel Carson is renowned for ini5a5ng widespread concern about chemical 
pollu5on and its effects on the environment and human health through the publica5on of her book ‘Silent 
Spring’ in 19625. 
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- Paints 
- Lubricants 
- Plas6cizers 

Halogenated flame 
retardants (HFRs) 

- Flame 
retardants 

2009 (Tetra, Penta, Hexa and 
Hepta brominated diphenyl 
ethers; 
Hexabromobiphenyls); 2013 
(Hexabromocyclododecane);  
2017 (DecaBDE); 2023 
(Dechlorane plus) 

Organochlorinated 
pes6cides (OCPs) 

- Pes6cides 2001 (Aldrin, Chlordane, 
DDT, Dieldrin, Endrin, 
Heptachlor, 
Hexachlorobenzene, Mirex, 
Toxaphenes); 2009 (a,b,g-
Hexachlorocyclohexanes, 
Chlordecone, 
Pentachlorobenzene); 2011 
(Endosulfan); 2015 
(Pentachlorophenols); 2019 
(Dicofol); 2023 
(Metoxychlor) 

Polychlorinated 
naphthalenes (PCNs) 

- Dielectric 
fluids 

- Insulators 

2015 

Short-chain 
chlorinated paraffins 
(SCCPs) 

- Metalworking 
industry 

- Sealants 

2017 

Per and Poly-
fluoroalkyl substances 
(PFAS) 

- Nons6ck 
cookware 

- Stain-resistant 
material 

- Food-contact 
paper coa6ng 

- Aqueous film-
forming foam 

2009 (PFOS & POSF); 2019 
(PFOA); 2022 (PFHxS) 

Hexachlorobutadiene 
(HCBD) 

- Solvent 2015 

 
The high degree of halogena6on imparts specific physical and chemical proper6es to these 
compounds: 

- Resistance to degrada6on 
- Ability to be transported over long distances via air and water 
- High poten6al for bioaccumula6on and biomagnifica6on due to strong lipophilicity (i.e., Log 

KOW) 
- Toxicity to humans and other organisms 

Because of these characteris6cs, many industrial HOCs have been classified as persistent organic 
pollutants (POPs)11,14 and are now 6ghtly regulated under the Stockholm Conven6on, an interna6onal 
treaty that came into force in 200415. This treaty, signed by nearly all countries with the notable 
excep6on of the United States, aims to control the anthropogenic release of POPs into the 
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environment. It currently regulates over 34 harmful substances (33 of which are halogenated, Table 
1.1), with four addi6onal classes of compounds under review for poten6al inclusion.  
 
Besides these regulated POPs, many other unregulated substances with POP-like characteris6cs have 
been iden6fied in various na6onal and interna6onal chemical inventories by mul6ple research groups, 
the vast majority of which are halogenated compounds16. 
 

1.2 Analysis of chemical pollutants   
 
The chemical monitoring of pollutants is a cri6cal step that supports every stage of the policy cycle, 
from defining environmental problems to developing, implemen6ng, and evalua6ng measures aimed 
at reducing emissions and limi6ng exposure6. Interest in the analysis of environmental pollutants truly 
began in the 1960s2,11,17. During this 6me, the first analy6cal data revealed widespread contamina6on 
of the environment (including top predator species) with several persistent organic pollutants, such as 
organochlorine pes6cides and PCBs17. These ini6al measurements were made using gas 
chromatography coupled with a newly developed, highly sensi6ve detector: the electron capture 
detector (ECD), invented by James Lovelock in the late 1950s11. In the 1970s, mass spectrometry, 
par6cularly single quadrupole and magne6c sector instruments using electron impact (EI) ioniza6on, 
rapidly replaced the ECD as the preferred GC detector18. GC-MS then became the gold standard for the 
targeted analysis of environmental pollutants in complex matrices2. 
 
The 1990s were marked by several key advancements18. One major development was the introduc6on 
of soi ioniza6on techniques (typically ESI) and interface that enabled liquid chromatography to be 
coupled with MS. This innova6on allowed for the analysis of polar and hydrophilic contaminants that 
were not amenable to GC. Similar interfaces were later developed for GC, such as atmospheric 
pressure chemical ioniza6on (APCI)19,20 and atmospheric pressure photoioniza6on (APPI)21 in the 
2000s. Significant progress was also made in tandem MS technologies2, par6cularly with ion trap and 
triple quadrupole instruments. Addi6onally, the advent of the internet during this period 
revolu6onized how scien6sts shared and processed analy6cal data18. 
 
Since the 2000s, GC and LC coupled with triple quadrupole instruments have become the standard 
plajorms for targeted contaminant analysis2. At the same 6me, developments in high-resolu6on mass 
spectrometry (HRMS), including orthogonal 6me-of-flight (oTOF) and Orbitrap systems, have enabled 
the rise of non-targeted analysis (NTA)18.  
 
1.2.1  - Targeted and non-targeted analysis 
 
Unlike targeted methods, which focus on detec6ng and quan6fying a predefined list of contaminants 
for which reference standards are available, NTA seeks to comprehensively characterize both known 
and unknown compounds in a sample6,18,22. This broader screening is achieved using generic, universal 
parameters for both sample prepara6on and analysis, making NTA a powerful complement to 
tradi6onal targeted approaches. An overview of the general characteris6cs of both types of 
approaches is presented in Table 1.2. 
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Table 1.2 – Comparison between targeted and non-targeted analysis approaches for the detec7on of environmental 

contaminants. 

 Targeted analysis Non-targeted analysis 
Sample prepara>on Thorough, to remove matrix 

interferences 
Minimal, to avoid the loss of 
chemicals of interest 

Analy>cal parameters Op6mized for the targeted 
analytes 

Generic, to ensure performance 
for as many classes of 
contaminants as possible 

Mass spectrometry Low resolu6on 
Single or mul6ple ion/fragment 
monitoring 
e.g.: Triple quadrupoles 

High resolu6on 
Full-scan + tandem MS 
e.g.: q-TOF & q-Orbitrap 

Prior informa>on about 
contaminants 

Chemical structure, mass, 
isotopic paDern,  reten6on 6me, 
fragmenta6on spectrum, CCS 
(from reference standard) 

Suspect screening (SS): 
Chemical structure, mass, 
isotopic paDern. Reten6on 6me, 
fragmenta6on spectrum and 
CCS may be found in online 
libraries or predicted with in-
silico tools. 
 
Non-targeted screening (NTS): 
None 

Final outpout  Quan6ta6ve Qualita6ve or semi-
quan6ta6ve23 

Number of contaminants Tens to a hundred Hundreds to thousands 
 
 
Following data acquisi6on, the general data treatment workflow in non-targeted analysis (NTA) 
involves the following steps6,22: 

- Data pre-processing: This step may include several processes, the most cri6cal being feature 
detec6on (i.e., iden6fying signals that could correspond to specific compounds) and 
componen6za6on (grouping related signals such as adducts, isotopologues, and fragments 
into a single compound representa6on). The outcome of this step is a comprehensive list of 
individual features detected in the sample. 

- Priori6za6on: This a crucial step aimed at filtering the feature list to retain only those signals 
relevant to the research ques6on. Priori6za6on strategies can generally be grouped into three 
main categories: chemical signature-based approaches (e.g., suspect screening, mass defect 
filtering), sta6s6cal methods (e.g., principal component analysis (PCA), heatmaps), and effect-
directed methods (e.g., bioassays, biomarker). 

- Features iden6fica6on: The final step involves iden6fying the priori6zed features using all 
available data, including exact mass, isotopic paDern, (tandem) mass spectra (including EI 
spectra when available), diagnos6c fragments, reten6on 6me and reten6on index, collision 
cross sec6on (CCS), meta-informa6on, and data from complementary techniques (e.g., NMR, 
IR). Confidence in the proposed structure is typically expressed using a mul6-level 
classifica6on system, such as the five-level system proposed by Schymanski et al24. Achieving 
the highest confidence level (Level 1) requires confirma6on of the structure using the 
corresponding reference standard. 
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1.2.2  - Current analy5cal challenges 
 
Despite con6nuous analy6cal advances in sample prepara6on, chromatographic performance, mass 
spectrometry, and data treatment25, the monitoring of chemical pollutants in complex matrices -such 
as environmental, food, and biological samples - remains challenging in many respects. 
 
Indeed, the number of anthropogenic molecules used by modern society is enormous, es6mated to 
be in the hundreds of thousands3,16. Moreover, thousands of new synthe6c chemicals are developed 
and marketed each year, some6mes as replacements for substances that have been phased out17. 
Globally, only a small frac6on of these chemicals have been well characterized or included in regulatory 
programs. For the majority, informa6on on their physicochemical proper6es and poten6al ecological 
impact is s6ll lacking. In addi6on, the (a)bio6c degrada6on of these chemicals in the environment can 
give rise to numerous unknown transforma6on products (TPs), which may also be harmful26.  
 
This immense and ever-increasing number of chemicals poses several challenges to the field of 
contaminants analysis. First, the wide diversity of physicochemical proper6es exhibited by these 
substances necessitates the use of complementary analy6cal techniques22,25, including various 
approaches to sample prepara6on, chromatographic separa6ons (e.g., reversed-phase and HILIC LC, 
GC, SFC, ion chromatography), and ioniza6on methods (e.g., ESI, APCI, APPI, EI). Furthermore, the 
broad range of contaminant concentra6ons, oien spanning several orders of magnitude, requires 
highly sensi6ve and dynamic detec6on systems25. Finally, the complexity of the matrices demands 
instrumenta6on with high selec6vity25. Increasing the method selec6vity can for instance be achieved 
through mul6dimensional chromatography (e.g., GC×GC27,28 and LC×LC29). 
 

1.3 Ion mobility as an emerging technique to analyse chemical 
pollutants  
 
In addi6on to the recent analy6cal advances in sample prepara6on, chromatography and mass 
spectrometry, an emerging technology termed ion mobility (IM) has recently become increasingly 
prevalent in several research fields, including contaminants analysis30,31. Easily nested between 
chromatography and mass spectrometry32, this approach provides an addi6onal dimension of 
separa6on according to the ‘size’ of ions, offering enhanced method selec6vity as well as further 
iden6fica6on capabili6es for both targeted and non-targeted workflows. In this sec6on, we give a 
broad overview of this method.  

 
1.3.1  - A bit of history 
 
A. From the discovery to the first analy;cal applica;ons  
 
The origins of the technique of ion mobility spectrometry (IMS) are generally traced back to 
experiments carried out around 1896 by J.J. Thompson and E. Rutherford to study of the forma6on 
and behavior of ions generated through electrical discharges in various gases33,34. Among other things, 
the two scien6sts discovered that gaseous ions would travel at a constant speed through a gas when 
placed under the influence of an external electric field. They observed that this speed, called the drii 
velocity, was propor6onal to the magnitude of the electric field through a coefficient, the ion mobility 
K. Following this discovery, the first tables of ion mobili6es measured for different atomic ions were 
soon published by E. Rutherford (1897) and J. Zeleny (1898)34. During the first half of the twen6eth 
century, the instrumenta6on, experiments and theories of ion mobility were gradually refined33.  
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The period from the 1960s to the 1970s saw the advent of the use of IM for chemical measurements33. 
Un6l then, IM had remained a niche technique used only by some research groups to study the gas 
phase behavior and reac6vity of ions. Aier several years of development by E. Mc Daniels and 
colleagues, the first drii-tube IMS (Sec6on 1.3.3A) was conceived in the mid-1960s34. A few years later 
in 1970, the first commercial IM instrument, known as “plasma chromatograph (PC)”, was introduced 
based on that technology35,36. This was followed by almost a decade of research by the group of F.W. 
Karasek’s at the University of Waterloo in Canada, whose work demonstrated the broad applicability 
of PC to the analysis of a wide range of compounds, including PCBs37.  
 
In addi6on to research in academic laboratories, unpublicized research programmes were ini6ated in 
the military and security fields to develop portable, hand-held IM instruments33. The high sensi6vity, 
small size, and rapid screening capability of the developed stand-alone IM instruments led to their 
widespread use for military applica6ons (e.g., detec6on of traces of chemical warfare agents and other 
hazardous materials) as early as the early 1980s33,38,39. A decade later, the first benchtop IMS analysers 
were deployed at several airports to detect explosives40, in response to several aircrai bombing 
incidents33. Today, modern versions of these early devices are s6ll in use by most airports and military 
units33. 
 
B. From the biological revolu;on to the commercializa;on of the first IM-MS instruments 
 
While most research and applica6ons in the field of IM had been focused on stand-alone IM systems 
for security and military venues, renewed interest in the use of IM as an analy6cal tool in academic 
seungs occurred in the 1990s as part of the worldwide effort to characterize biological molecules33. 
This period, dubbed the ‘biological revolu6on’33, marked the onset of a growing interest in the 
technique of ion mobility. IMS was combined with the then emerging soi macromolecular ioniza6on 
sources: electrospray ioniza6on (ESI) and later, matrix-assisted laser desorp6on ioniza6on (MALDI)33,41 
Most importantly, IMS was recoupled† to its close rela6ve‡, mass spectrometry (MS), giving rise to 
hyphenated IM-MS systems that could provide details on the size and shape of biomolecules in 
addi6on to their mass33,41. 
 
This period of increased visibility for IMS has been the catalyst for an important period of technology 
development over the last two decades33. The quest for increased ion mobility resolu6on44 and 
transmission led to the development of a myriad of ion mobility technologies, some of which have 
been commercialized by major instruments companies45: travelling wave IMS (TWIMS) in 2006 by 
Waters, drii tube IMS (DTIMS) in 2014 by Agilent, trapped IMS (TIMS) in 2016 by Bruker and field 
asymmetric IMS (FAIMS) in 2018 by Thermo Scien6fic. Higher resolving power versions of the TWIMS 
technology were recently commercialized in 2019 by Waters (cyclic TWIMS) and in 2021 by MOBILion 
systems (structures for lossless ion manipula6on SLIM TWIMS). 
 
C. Present status 
 
Advances in the performance and accessibility of commercial instruments have made ion mobility 
spectrometry an increasingly established technique with broad u6lity in both physical and analy6cal 
chemistry46. Current applica6ons in the laDer field are typically divided into the structural 

 
† The coupling of IM and MS was first performed in the 1960s to study the chemistry of gas-phase ions in more detail42. 

However, with the subsequent development of stand-alone IM instruments, the two techniques went their separate ways 

once again. 

 
‡ Mass spectrometry and ion mobility were discovered around the same 7me (discovery of MS in 1912 by the same J.J. 

Thompson) in the Cavendish laboratory at Cambridge University43. 
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characteriza6on of large (bio)molecules by IM-MS47,48 (e.g., proteins) and the separa6on and 
iden6fica6on of diverse analytes in complex samples by both IMS and IM-MS, oien coupled with a 
chromatographic front end32 (e.g., “omics” fields45, including environmental pollutants 
monitoring30,31,49,50). Although several challenges remain (e.g., higher resolving power and sensi6vity44, 
user-friendly soiwares, accurate theore6cal and numerical tools34,51 …), con6nual advances in 
technology is expected to further improve and expand the capabili6es of IM-MS in the future52.  
 
1.3.2  - IM experiment 
 

A. Basic principle 
 
During a typical ion mobility experiment, ensembles of gaseous ions (referred to as ion swarms) are 
sent into a region filled with a neutral gas (called the buffer or drii gas), under the influence of an 
external electric field33. Under such condi6ons, the charged ions will be submiDed to two opposing 
forces: 

- The electric force !!""""""⃗ = %&"⃗ , which will accelerate the ions in the direc6on of the electric 
field 

- The drag force !#$%&"""""""""""⃗ , which will decelerate the ions through repeated collisions with the 
buffer gas, in a direc6on opposite to the electric field. 
 

Quickly, a sta6onary state will be reached where, on average, the two forces balance each other 
through repeated accelera6on (between collisions) and decelera6on (during collisions) events53 
(Figure 1.1).  
 

 
Figure 1.1 – Simplified representa7on of the varia7on in instantaneous ion velocity due to alterna7ng field accelera7on and 

collision-induced decelera7on events, resul7ng in an overall constant driO velocity. Adapted from reference [53]. 

 
Consequently, the average speed of the ion swarms along the electric field lines, called the drii speed 
vd, will be constant and propor6onal to the electric field53: 
 

'#""""⃗ = (&"⃗  (1.1) 
 
The propor6onality coefficient, K, is referred to as the ion mobility coefficient. 
 
B. Ion mobility coefficient K 
 

Fundamental low-field ion mobility equa3on 
 
Ini6ally developed a few years aier the discovery of ion mobility by Paul Langevin, theore6cal models 
to describe the ion mobility experiment were gradually refined by several inves6gators throughout the 
20th century34,51 (S. Chapman, D. Enskog, H. Hasse, E. Mc Daniels, H. Revercomb, E. Mason, to name 
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but a few). Currently, the most widely used equa6on in the analy6cal community to express the ion 
mobility coefficient in terms of physico-chemical parameters and constants is the fundamental low-
field ion mobility equa6on43,§:  
 

(	(+, -) = 3
16	2

24
56'-&%(

	 %7	
1

Ω9(T) 
 

(1.2) 

 
where: 
- 5 = 	 )!"#.)$%&

)!"#+)$%&
 is the reduced mass of the ion-buffer gas system (in kg) 

- 6' is the Boltzmann constant (1.38x10-23 J/K) 
- -&%( is the temperature of the buffer gas (in K) 
- % is the ion charge (in C) 
- 7 is the gas number density, the number of gas par6cle per unit of volume (in m-3). For a 

perfect gas, 7 =	 ,
-'.$%&

 where p is the pressure in Pa. 

- Ω9(T) is the orienta6onally averaged momentum transfer collision integral (in m2) 
 
Some notable features of this equa6on are: 

- Buffer gas dependency53: through its pressure (N) and temperature (N, Tgas and Ω9(T)). For 
a given temperature, the K coefficient decreases linearly with the pressure, due to the 
increasing number of collisions between the ions and the buffer gas molecules. The 
dependence on the gas temperature is less straighjorward because the momentum 
transfer collision integral also depends on the temperature in a complex way. To correct 
for the pressure dependency, the ion mobility coefficient K (p,T) is oien reported in a 
reduced form (/(-) = (	 00( = (	 ,

1/1234	6% 	
372.14	8
.$%&

. In this equa6on, the Loschmidt 

constant N0, is equal to 2.687x1025 m-3. Note that the reduced mobility coefficient is s6ll 
dependent on the temperature of the gas through the (;-&%()91  factor and the 
momentum transfer collision integral. 

- Ion dependency: through its charge q. However, the ion mobility coefficient of a given ion 
will not necessarily double if its charge is doubled because the momentum transfer 
collision integral Ω also depends to some extent on the ion charge (again, in a complex 
way)54,55.  

- Ion-buffer gas pair dependency: through the reduced mass factor µ and the momentum 
transfer collision integral	Ω.	While the ion mobility coefficient depends directly on the 
mass of the ion through the µ factor, in the case of mion >> mgas, its impact is not very 
significant since the reduced mass simplifies to 5 ≃ >&%( (e.g., the (√5)91 factor varies 
from 0.20 for an ion with m/z 200 to 0.19 for an ion with m/z 1000). The impact of the Ω 
factor will be developed in details in a later sec6on. 

 
Meaning in terms of resis3ng force 
 
From the theories of resis6ng force developed long ago by P. Langevin, M. Knudsen, R. Milikan, G. 
Stokes and others, it is known that for a par6cle traveling at constant speed v through a buffer gas 
medium with mean thermal velocity vt and density d, the magnitude of the drag force on the par6cle 
is given by56: 
 

 
§ Also referred to in the literature as the Mason-Schamp equa0on, although this terminology is debated in the 
IMS community. 
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!!"#$ =
4
3 	&'

%(	)	)&  
(1.3) 

 
Where a is the collision radius (i.e., the sum of the radius of the collision partners: rpar%cule + 
rgas). The quan6ty &'%	thus represents the area of a circle with radius a, the collision cross 
sec6on @. 

 
For ions driiing through a buffer during an ion mobility experiment, we know that the drag force is 
equal in magnitude to the electric force ac6ng on the ions: 
 

!!"#$	() = !*+ = *+ 
 

(1.4) 

 
Because '# = (& (equa6on 1.1), the drag force can be wriDen as: 
 

!!"#$	() = *	 )!, =	43	Ω
.(0)	23	)! 	4

86,0$#-
&3  

 
(1.5) 

 
 where K was replaced by equa6on 1.2. 
  

WriDen in this form, the equivalence with equa6on 1.3 becomes readily apparent and enables one to 
iden6fy the ion mobility coefficient as a fundamental transport property closely linked to the amount 
of fric6on an ion will experience while driiing through a gas under the influence of an electric field56, 
with: 

- The orienta6onally averaged momentum transfer collision integral Ω9(T) of an ion being 
the equivalent to the collision cross sec6on @ of a perfectly spherical par6cle that would 
experience a similar drag while driiing at the same speed in the same buffer gas56.  

- The product Nµ being the equivalent to the buffer gas density d (as long as mion >> mgas, 
75 ≃ 7>&%( = A&%(). 

- The drii speed vd being the equivalent to the par6cle speed v. 

- The factor B86.0/01/&3 being the equivalent to the mean thermal agita6on velocity vt. 

 

Momentum transfer collision integral Ω(T) 
 
In the previous sec6on, we saw that in the frame of the simple model of hard spheres collisions, the 
collision cross sec6on @ is defined as the area of a circle with radius equal to the collision diameter 
(IUPAC defini6on, Figure 1.2)56. This defini6on is appropriate to describe whether a collision between 
two par6cles will take place or not. The higher @, the higher the probability of collision53.  
 

 
Figure 1.2 – Schema7c representa7on of the collision cross sec7on @	in the simplified model of hard sphere collisions. 

Adapted from reference [53]. 
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However, the model of hard-sphere collisions is too simplis6c to describe the interac6on of molecular 
ion with buffer gas molecules in IMS for the following reasons53,56: 

- Molecules are not hard spheres with defined boundaries. Rather, they tend to interact 
aDrac6vely at long distances and repulsively at shorter distances, without a sharp 
boundary. Therefore, collisions in IMS are beDer described in terms of the magnitude of 
the change in ion velocity due to the interac6on poten6al (i.e. momentum transfer 
between the ion and the buffer gas molecule), instead of hit-or-miss events. Indeed, even 
if a collision is not a direct hit (e.g., a glancing collision), there will be a momentum transfer 
(Figure 1.3). 

- Real molecules are not perfectly symmetric like hard speres. The interac6on poten6al is 
therefore dependent on the rela6ve orienta6on of the buffer gas – ion pair (collisions 
occur from all direc6ons). 
 

Therefore in IMS, the impact of collisions are beDer described by a parameter related to (but not equal 
to) the collision cross sec6on @,	known as the momentum transfer collision integral W56. For a given 
rela6ve orienta6on of the ion, it is formally defined as follows34,51,56: 
 

Ω(-) = C D(E)
:

/
	F(E, -)AE 

 
(1.6) 

 

In this equa6on: 
- Q(E) = 24 ∫ [1 − cos N]P:

/ AP is called the momentum transfer cross sec6on where: 
o N  is the deflec6on angle: the angle by which a given buffer gas molecule is 

deflected aier it has interacted with the ion. It depends on the ion-gas interac6on 
poten6als F, the collision velocity g**, the impact parameter b and the orienta6on 
of the ion. 

o [1 − cos N]  is the magnitude of the momentum transfer in a single collision. 
Maximum momentum transfer occurs for head-on collisions (i.e., backward 
scaDering c < 90°) and decrease for glancing collisions (i.e., forward scaDering c > 
90°). As glancing collisions are more likely than head-on collisions, their overall 
contribu6on to the total moment transfer is significant56. 

o b is the impact parameter 
- F(E, -)	is the distribu6on of rela6ve collision veloci6es g at gas temperature T (e.g., 

Maxwellian distribu6on). The temperature dependance of W comes from this distribu6on. 
 
To obtain the orienta6onally averaged Ω (i.e.,	Ω9), the integral in equa6on 1.6 must be evaluated over 
all the rela6ve ion-buffer gas orienta6ons34,51 (generally assuming equal orienta6ons probabili6es).  
 
Overall, the orienta6onally averaged momentum transfer collision integral Ω9 thus corresponds to a 
measure of the momentum transfer by collisions averaged over all possible impact parameters, 
rela6ve collision veloci6es (weighted by a temperature dependent velocity distribu6on) and ion 
orienta6ons51. Due to its similarity to the collision cross sec6on @,	W is usually described in the 
literature as being related only to the size and shape of ions in the gas phase. While it is indeed 
expected that larger, more extended ions should undergo a higher number of collisions with 
significantly more momentum transfer than smaller, more compact ions, we have seen that W actually 
depends on the ion-neutral interac6on poten6al. Therefore, any parameter other than size and shape 
that affects this poten6al will also affect W, especially for small molecules. These are, for example, 
buffer gas polarizability, ion charge and ion charge distribu6on54,55. In addi6on, for historical reasons, 

 
** As the rela5ve collision velocity increases (i.e., as Tgas increases), the ion and the gas molecules have less 5me 
to interact. Therefore, the deflec5on is less significant.  
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the similarity between @	and W also led to the laDer being referred to as the collision cross sec6on 
(CCS), and this terminology is s6ll used today. While both terminologies are accepted in the IMS 
community, it should be kept in mind that the CCS truly represents orienta6onally averaged 
momentum transfer collision integral Ω9, not @43,53.	In this manuscript, for simplicity, we will use the 
collision cross sec6on terminology (abbreviated as CCS or W), when we really mean the orienta6onally 
averaged momentum transfer collision integral Ω9. 
 

 
Figure 1.3 –  Schema7c illustra7on of collisions between a spherical ion and buffer gas molecules, comparing the simplified 

hard sphere model (blue trajectories) with a more realis7c model that accounts for both short-range and long-range 

interac7ons (green trajectories). Post-collision buffer gas trajectories are shown for various impact parameters b. Adapted 

from reference [55] 

 
Low-field and high field mobility 
 
The theory discussed so far has been made, without properly men6oning it, within the framework of 
the so-called low-field limit. Indeed, for equa6on 1.2 to hold, it is mandatory that the energy acquired 
by the ions from the electric field be small rela6ve to its thermal energy (i.e., the ions must be 
thermalized)57. The transla6onal energy Etrans of the ion in IM is given by34,51,56: 
 

&;$%<( =
3
2Q-&%( +	

1
2	>&%('#3 

 

(1.7) 

where: 
- The first term is the thermal energy of the ion in the buffer gas at temperature Tgas  
- The second term is the random kine6c energy acquired by the electric field 

 
For ions to be thermalized, the condi6on is: 
 

&;$%<( ≈
3
2Q-&%( 

 

(1.8) 
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Which therefore requires that††: 
3
2Q-&%( ≫	12	>&%('#3 

 

(1.9) 

⇔	'# → 0 
 

⇔ 	(& → 0 
 

⇔	(/7/
&
7 → 0 

 

⇔	&7 → 0 

 
Therefore, the last equa6on tells us that in order for ions to be thermalized, the ra6o between the 
electric field strength and the gas number density, also called the reduced electric field and expressed 
in Townsend (1 Td = 10-21 Vm2), must be as small as possible58. This can be achieved either by using a 
low electric field (to reduce the energy gained by the ions during the accelera6on phase between 
collisions) or by working at high pressure (i.e., high N, to increase the collision frequency and reduce 
the accelera6on 6me between collisions). Under these condi6ons, the ion mobility is independent of 
the reduced electric field and the fundamental low-field ion mobility equa6on applies53. 
 
Above a certain value of the reduced electric field, the energy gained by the ion from the electric field 
can no longer be considered negligible with respect to the thermal energy and the reduced ion mobility 
K0 begins to depend on this experimental parameter in a complex way‡‡. The corresponding reduced 
ion mobility coefficients are then referred to as the high field ion mobility coefficients. These 
coefficients can increase, decrease, or both, as E/N increases33,34. 
 
1.3.3  - IM technologies 
 
As discussed in Sec6on 1.3.1B, the decades that followed the biological revolu6on were marked by a 
prolifera6on of new IMS techniques59. Despite their varied designs and working principles, all these 
methods have in common that they allow the separa6on of ions on the basis of their ion mobility 
coefficient K0. In this sec6on, we will briefly describe and compare the opera6ng principle, figures of 
merit and advantages/disadvantages of the four most widely used IM-MS technologies for 
contaminant applica6ons: DTIMS, TWIMS, FAIMS and TIMS (Table 1.3).  
 
A. DriP tube IMS (DTIMS) 
 
DTIMS is the earliest IMS technology that was developed, but also the simplest. Ions separa6on takes 
place in a drii tube filled with a sta6onary buffer gas and operated with a constant electric field in 
both space and 6me53 (Figure 1.4). The main advantage of DTIMS is that it is the only of the four 
technologies where reduced mobili6es and CCS values can be measured without the use of 
calibra6on43 (i.e., it is a primary method of measurement). It is also the one that operates at the lowest 
reduced electric fields E/N55. For these reasons, DTIMS is the gold standard method for measuring CCS 

 
†† The requirement for opera5ng in the low-field limit can also be expressed as !% >> !&, where !% is the 

rela5ve thermal speed of the ion and the buffer gas molecules "'(!)"#$
*+ . At 300K in N2, the rela5ve thermal 

speed of an ion with m/z 500 is 489 m/s. 
‡‡ Since the fundamental ion mobility equa5on no longer holds, more elaborated theore5cal models must be 
used. These include the two-temperatures and the three-temperatures models34,51. These models take into 
account the fact that at high reduced field, the ions are no longer thermalized to the buffer gas temperature 
and thus possess their own temperature(s), Tion.  
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values45. On the other hand, its resolving power and sensi6vity are not very high44, although a method 
known as high resolu6on demul6plexing (HRdm) allows them to be significantly improved60. 
 
 

 
Figure 1.4 – Technical characteris7cs of DTIMS. LeO panel: electric field magnitude as a func7on of distance along the driO 

cell. Right panel: schema7c showing the direc7on of buffer gas flow (0 = no gas flow), electric field, ion movement, and 

elu7on order (red = low CCS ion, green = high CCS ion). Adapted from reference [53]. 

 
B. Traveling wave IMS (TWIMS) 
 
Key instrument in the populariza6on of IMS during the biological revolu6on, the TWIMS Synapt HDMS 
was the first IM-MS plajorm to become commercially available in 200633.  
 
In TWIMS, ions are propelled trough a drii cell by a series of voltage pulses, akin to “waves”33 (Figure 
1.5). In analogy to an object floa6ng in the sea, ions may ‘surf’ on a wavefront for a certain period of 
6me before being overtaken by the wave. The number of ‘waves’ (technically called ‘bins’) necessary 
to push an ion through the cell is dependent on its ion mobility: high mobility ions will spend a larger 
amount of 6me surfing an a specific ‘wave’ before falling behind, compared to low mobility ions, due 
to the lower fric6on their experience with the buffer gas. They will thus experience a lower number of 
‘roll overs’. 
 
Probably the main advantage of TWIMS over DTIMS is that it does not require an increase in voltage 
to increase the length of a mobility cell, allowing ions to be separated over long path lengths44. As the 
resolving power in TWIMS and DTIMS increases with the square root of the separa6on length, this 
allows a significant increase in separa6on performance. This has been technically realized in the last 
decade with the development of cyclic61 and SLIM TWIMS62 instruments. These allow ions to be 
separated over very large distances in a mul6-pass loop and serpen6ne path, respec6vely.  
 
While these longer path separa6ons greatly improve the poor resolving power classically achieved on 
linear TWIMS instruments, they come at the cost of increased separa6on 6me, loss of sensi6vity§§ and 
reduced IM analysis range44,***. In addi6on, a common disadvantage of all instruments based on the 
TWIMS technique is that, owing to the complex ion mo6on, a calibra6on procedure is required to 
determine the CCS values, with the choice of the calibrant being of considerable importance43,55 (it is 
recommended that the calibrant used be as close as possible to the class of compounds analyzed). 
Moreover, the reduced electric field at the top of a ‘wave’ can reach values close to 150 Td, raising 
ques6ons about the validity of the fundamental low-field ion mobility equa6on63. 

 
 

 
§§ A loss of sensi5vity of ∼2% per cycle has been reported on the cyclic TWIMS61. The SLIM technology is 
deemed ‘lossless’62.	
*** Due to ‘wrap-around effects’ for mul5-pass experiments (i.e., the overtaking of lower mobility ions by the 
higher mobility ions)45. 
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Figure 1.5 - Technical characteris7cs of TWIMS. LeO panel: electric field magnitude as a func7on of distance along the driO 

cell. Right panel: schema7c showing the direc7on of buffer gas flow (0 = no gas flow), electric field, ion movement, and 

elu7on order (red = low CCS ion, green = high CCS ion). Adapted from reference [53]. 

 
C. Field asymmetric IMS (FAIMS) 
 
The ini6al development of FAIMS††† originates from Russian scien6st circa 198045. The technology then 
reached the United States and started to be commercialized by several vendors at the start of the 21st 
century33,34.  
 
In FAIMS, the ions are pushed by a gas flow parallel to the drii cell34,44 (Figure 1.6). Perpendicular to 
this cell, an asymmetric waveform electric field is generated by the combina6on of a low magnitude 
electric field (the compensa6on voltage CV) and high magnitude electric field (the dispersion voltage 
DV), in opposite direc6ons. During the low electric field phase, ions will drii in the direc6on of the 
field (downwards in the example in figure 1.6) with a drii velocity fixed by the low-field ion mobility 
coefficient. Conversely, during the strong electric field phase, they will drii in the opposite direc6on 
(upwards in figure 1.6) with a velocity fixed by the high-field ion mobility coefficient (characterizing 
the ion at the specific value of E/N). Since the rela6ve dura6on of the two alterna6ng fields is ini6ally 
such that the areas in the '6me-electric field intensity' domain are equal, only ions having iden6cal low 
field and high field mobility will make it through the drii cell. The other ions, characterized by a high-
field mobility that is either higher or lower than the low-field mobility, will be neutralized on the side 
parts of the drii cell (upper parts and lower parts in figure 1.6, respec6vely). To allow these ions to be 
passed through the cell and analyzed, the intensity of the compensa6on voltage is gradually scanned. 
The result is an ion mobility spectrum where the abscissa is the value of the compensa6on voltage. 
 
This IMS technique therefore differs from the other three in that: a) ions are separated spa6ally, rather 
than temporally42; b) the separa6on of ions is based on their difference in ion mobility at low and high 
field rather than on their low field mobility34. These features make the FAIMS a powerful device for 
filtering and reducing chemical noise prior to mass spectrometric detec6on53. Furthermore, its 
different separa6on principle makes it orthogonal and complementary to other low field IMS 
techniques: some IM separa6ons of ions that are not possible at low field can be improved at higher 
fields44. However, the obvious limita6ons of this technique are that the majority of the ions are 
discarded during the separa6on and that CCS cannot be determined45 (due to the high field). 
 
 

 
Figure 1.6 - Technical characteris7cs of FAIMS. LeO panel: electric field magnitude as a func7on of 7me. Right panel: 

schema7c showing the direc7on of buffer gas flow, electric field, and ion movement. Adapted from reference [53]. 

 
 

††† Equivalent names for this technology are: Differen5al Mobility Spectrometry (DMS), Differen5al Ion Mobility 
Spectrometry (DIMS) and Ion Mobility Increment Spectrometry (IMIS)43. 
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D. Trapped IMS (TIMS) 
 
Inspired by former experiments performed by several scien6sts in IMS (J. Zeleny; A. Loboda; G. Baykut), 
capillary electropheris (Z. Huang and C. Ivory) and electrodynamic ion funnel (R. Smith), the technique 
of trapped IMS was developed in 2011 by M. Park, D. Kaplan and F. Fernandez-Lima64,65. About 5 years 
later, the technology was made commercially available by Bruker during the 2016 ASMS conference 
with the launch of the 3msTOF instrument, a modified q-TOF instrument (impact II) featuring and 
addi6onal IM cell incorporated in its first pumping stage. Since then, Bruker has released a dozen 
updated versions of their first 3msTOF instrument featuring technological improvements or tailored 
for a specific applica6on. 
 
The IM experiment in TIMS has two main dis6nc6ve features66. Firstly, ions are pushed through the IM 
cell by a flow of buffer gas and, in the absence of external forces, travel with the gas at a velocity vg. 
Secondly, the electric field is directed in the opposite direc6on to the gas flow, towards the entrance 
of the cell (Figure 1.7). In addi6on, the intensity of this electric field is not constant but increases 
linearly as a func6on of the posi6on in the analysis region (the region of the cell where the IM 
separa6on occurs) up to a point where it becomes constant over a certain distance (called the plateau 
region). 
 
TIMS separa6ons typically occur in two consecu6ve phases66: the trapping phase and the elu6on phase 
(Figure 1.7): 

• During the trapping phase, ions pushed by the flow of gas enter the analysis region. There, 
ions will be subjected to the influence of the electric field and start to drii in the opposite 
direc6on to the moving buffer gas with a drii velocity given by equa6on 1.1. The resul6ng 
velocity of the ions in the laboratory reference frame will therefore be given by the sum of the 
gas velocity vg and the drii velocity vd: 

 
'=><"""""""⃗ = '&""""⃗ + '#""""⃗  

 
(1.10) 

Because of the electric field gradient, the drii velocity vd will increase as ions progress further 
in the cell, up to a point of equilibrium where it will reach the magnitude of the gas velocity 
vg. At this moment, the two veloci6es will cancel each other out and the resul6ng speed vion 

will be zero (i.e., the ions will become trapped). The intensity of the electric field Etrap necessary 
to trap an ion of ion mobility K is therefore given by: 
 

  '# = (&;$%, =	'&  
 

⇔ &;$%, =	
'&
(  

 

(1.11) 

Equa6on 1.11 tells us that an ion characterized by an ion mobility coefficient K will be trapped 
at a posi6on in the cell where the magnitude of the electric field Etrap is exactly equal to the 
ra6o vg/K. Since under given experimental condi6ons vg is constant, the trapping posi6on is 
only K-dependent and therefore, ions with different mobili6es will be trapped at different 
posi6ons inside the TIMS tunnel. Note that in order to fulfill the equilibrium condi6on 
(equa6on 1.11), higher K ions will be trapped at a posi6on closer to the entrance of the cell 
(lower Etrap) whereas low K ions will be trapped at a posi6on closer to its exit (higher Etrap). 
Thus, the trapping phase of a TIMS experiment allows ions to be spa6ally separated according 
to their ion mobility coefficients K. 
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• Aier ions have been trapped and separated according to their mobili6es, they will be released 
from the cell towards the mass spectrometer in a subsequent step called the elu6on phase. 
To this end, the strength of the electric field gradient will be decreased over 6me at a fixed, 
user-defined scan rate b. Under these condi6ons, ions of a given K will remain in the cell un6l 
the magnitude of the electric field on the plateau region Eplateau reaches the trapping electric 
field Etrap  value characteris6cs of these ions. Past this moment, the weaker electric field will no 
longer be able to hold the ions against the flow of buffer gas, resul6ng in their sequen6al 
release out of the TIMS cell by order of increasing K (i.e., decreasing CCS). Once all trapped 
ions have been eluted, the ini6al electric field gradient is restored to perform another cycle of 
trapping/elu6on. 

 

 
Figure 1.7 – Schema7c representa7on of the electric field gradient magnitude as a func7on of posi7on and 7me during the 

two main phases of TIMS: ion trapping and elu7on. Adapted from reference [67]. 

 
Compared to the other types of common low-field IMS (i.e., DTIMS and linear TWIMS), the ‘trap-and-
release’ approach of the TIMS offers added flexibility‡‡‡. Indeed, contrary to these techniques, the 
speed, duty cycle and ion mobility range of an IM scan can be easily fine-tuned to meet the 
requirements of a specific applica6on67. For example, while high resolu6on separa6ons (>80) are 
rou6nely obtained in TIMS, ultra-high resolving power (>200) can be achieved in some cases, at the 
expense of longer separa6on 6mes, lower sensi6vity and/or limited mobility ranges. However, as with 
TWIMS, the only way that CCS measurements can currently be made is by using a calibra6on 
procedure43. The E/N regime is also thought to be quite high, but less than in TWIMS68. 
 
 

 
‡‡‡ The more recent cyclic and SLIM versions of the TWIMS techniques are also characterized by a higher 
degree of flexibility. 
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Table 1.3  - Comparison of the technical characteris7cs and figures of merit of DTIMS, TWIMS, FAIMS and TIMS 

technologies. 

 DTIMS TWIMS FAIMS TIMS 
CCS measurable? Yes Yes No Yes 

Calibra>on 
required? 

No, but performed 

when mul7-field 

primary 

measurement 

method is not 

possible (e.g., for 

chromatography 

hyphenated analysis)  

Yes / Yes 

Typical E/N55 Low: 7-15 Td Variable 

Low to high: ≤~150 

Td 

Low (CV) to high (DV) Intermediate: 40 – 85 

Td  

Typical driU 
velocity55 

10-80 m/s 200-300 m/s / 120-170 m/s69 

Resolving power 
(XCCS/CCS)44	

Low: <80 (up to 200 

aOer hrDM 

reprocessing60 or 

using high pressure 

instruments) 

Linear TWIMS 

Low: < 50 

Cyclic TWIMS 

Low (single pass):  

60-80   

High to ultra-high 

(mul7 passes): 

100-75061 

SLIM TWIMS 

High to ultra-high 

(13m single pass): 

100-30070 

 

Not comparable High to ultra-high 

(tunable): 

80-350 

Sensi>vity Low to intermediate 

(up to 50% duty 

cycle§§§ with 

mul7plexing) 

Intermediate Fixed CV: High 

Scan mode: Low 

Low to high (tunable 

duty cycle up to 

100%) 

Separa>on >me  Dozens of ms Linear TWIMS 

Dozens of ms 

Cyclic TWIMS 

Dozens (single pass) 

to hundreds of ms 

(mul7 passes) 

SLIM TWIMS 

Hundreds of ms (13m 

single pass) 

 

 

 

Scan mode: seconds 

to minutes 

Hundreds of ms 

IM range  Full range 

 

Linear TWIMS 

Full range 

Cyclic TWIMS 

Single pass: full range 

Mul7 passes: shorter 

range (tunable)  

SLIM TWIMS 

13m single pass: full 

range 

 

Fixed CV: single value 

(∆K) 

 

Stepped CV: several 

values (∆K) 

 

Scan mode: full range 

(∆K) 

Full range or shorter 

range (tunable) 

 
§§§ The duty cycle is the frac5on of the con5nuous beam of ions that is collected for IM separa5on (i.e., a 50%dc 
means that, overall, half of the ions entering the IM-MS instruments will be send to the IM cell for analysis 
while the other half will be discarded).  
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Reference 
instrument(s) 

6560 IMS-Q-ToF 

(Agilent) 

Linear TWIMS 

Synapt G2-Si and 

Vion IMS-Q-ToF 

(Waters) 

Cyclic TWIMS 

Select cTWIMS 

(Waters) 

SLIM TWIMS 

MOBIE (MOBILion) 

 

 

Faims Pro (Thermo)  

SelexION (Sciex)  

 

7msTOF (Bruker) 

 
 
1.3.4  - Advantages of IM for small molecules applica5ons 
 
Since IMS typically operates in the millisecond 6me frame, it can be easily integrated into tradi6onal 
LC/GC-MS configura6ons32. Ini6ally limited to the analysis of (large) biomolecules47,71 (proteins, 
pep6des, lipids, carbohydrates…), these workflows are now increasingly being used for the evalua6on 
of small molecules such as metabolites72, drugs73 and, more recently, environmental contaminants30,31. 
 
IMS offers several advantages for small molecule applica6ons when coupled to chromatography 
hyphenated MS: addi6onal separa6on, enhanced iden6fica6on and structural informa6on. 
 
A.  Addi;onal separa;on 
 
During the ion mobility experiment, the compounds are separated according to their ion mobility 
coefficients K, which are partly orthogonal to reten6on 6me and m/z74. Therefore, IM adds another 
dimension of separa6on, resul6ng in an overall improvement of the peak capacity of the system53. This 
allows for the separa6on of some isomeric/isobaric compounds75 as well as the cleaning of the MS and 
MS/MS spectra by IM filtering of interfering signals76. 
 
B.  Iden;fica;on 
 
The CCS derived from the determina6on of the ion mobility coefficient of ions is a robust parameter 
that is not influenced by the type of sample matrix nor the type or condi6ons of chromatography77. In 
addi6on, the CCS is highly reproducible, both intralab78,79 (short and long term precision) and interlab78 
(using the same IM technologies). Moreover, good agreement is also usually reported between the 
different commercially available plajorms80–82 (DTIMS, TWIMS and TIMS).  
 
Taken together, these advantages make CCS a very useful and reliable parameter for increasing 
confidence in the iden6fica6on of a compound. Experimental CCS values can indeed be compared with 
database values83 (generated in-house or publicly available). However, due to the limited number of 
standards available and the 6me-consuming process of measuring CCS values, the number of available 
empirical CCS values is currently limited. To fill this gap, machine-learning based soiware have been 
developed to enable the large-scale predic6on of CCS values for small molecules, typically with an 
acceptable error of less than 6%84. More advanced, but also more computa6onally intensive, 
computa6onal modelling soiware can also be used for that purpose, the most accurate of which is 
the Trajectory Method (TM)34,85. Comparison of experimental CCS values with empirical and theore6cal 
database values has been shown to reduce the number of false posi6ves and the number of candidates 
in screening83,86 and non-targeted workflows87, respec6vely.    
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C.  Structural informa;on 
 
Since the collision cross sec6on is related to the size and shape of the ions, it can give an indica6on of 
their conforma6on in the gas phase53. Again, computa6onal modelling soiware can be helpful to 
relate the experimentally measured CCS to puta6ve ion conforma6on(s)88. 
 
 
1.3.5  - Overview of IM-MS applica5ons for contaminants 
 
The number of publica6ons dealing with the analysis of contaminants by IM-MS has been steadily 
increasing since 2015, as indicated in Figure 1.8. This has coincided with the release of most of the 
current commercial instruments33,45. 
 
A.  Situa;on before 2020 (start of PhD thesis) 
 
The first applica6ons of IM-MS for pollutants were dominated by LC-IM-MS workflows for the 
screening of pes6cides89–91 and drug residues92,93 (human and veterinary) on TWIMS and DTIMS 
systems (Figure 1.9). These studies already highlighted the benefit of CCS as a robust ion parameter 
that could provide enhanced confidence in analyte annota6on90,94,95. In addi6on, the analysis of several 
classes of compounds by direct infusion IM-MS demonstrated the poten6al of this analy6cal method 
to achieve very fast separa6ons of analytes, including some isomers96,97. 
 

 
 

Figure 1.8 – Annual number of scien7fic publica7ons related to contaminant analysis using IM-MS plarorms from 2008 to 

the first half of 2025, based on a Scopus database search.  

 
During this period, LC-hyphenated IM-MS applica6ons clearly dominated GC-hyphenated ones (Figure 
1.9): only a single study had reported the use of GC as a pre-separa6on technique coupled to IM-MS 
to analyse pes6cides98. This observa6on can be extended to the other applica6ons of IM-MS in general. 
While GC-IMS systems have historically been (and s6ll are) very common99,100, GC-IM-MS applica6ons 
have been scarce. Moreover, the analysis of other types of contaminants, including halogenated POPs 
and emerging contaminants, had hardly been explored. 
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Figure 1.9 – Classifica7on of pre-2020 applica7ons by type of pre-separa7on, ion mobility technology, and class of 

contaminants. 

 
B.  Situa;on aPer 2020 
 
Over the past five years, there has been a significant surge in IM-MS publica6ons focused on 
contaminant analysis30,31. While liquid chromatography has remained the predominant front-end 
separa6on technique, a few GC-IM-MS systems were developed79,101–107 (Figure 1.10). Notably, 
supercri6cal fluid chromatography (SFC) has been employed for the first 6me in this context108. In 
contrast, direct infusion approaches have seen more limited applica6on.  
 

 
Figure 1.10 – Classifica7on of post-2020 applica7ons by type of pre-separa7on, ion mobility technology, and class of 

contaminants. 
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The adop6on of high-resolu6on ion mobility technologies such as TIMS, cyclic and SLIM TWIMS has 
increased, underscoring their enhanced performance in dis6nguishing structurally similar analytes109–
111. Addi6onally, there has been a clear shii in focus toward the analysis of emerging contaminants, 
with par6cular emphasis on per- and polyfluoroalkyl substances103,112–115. 
 
Overall, IM-MS applica6ons in the field of contaminants have been dominated by the use of low 
resolu6on IM-MS systems coupled with liquid chromatography for the analysis of a wide range of 
contaminants.  
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Environmental contamina0on by chemical pollutants, par0cularly halogenated persistent 
organic pollutants, remains a major concern due to their toxicity and persistence1,2. Tradi0onal 
analy0cal methods, such as gas chromatography-mass spectrometry, have been widely used 
for detec0ng and quan0fying these contaminants, in par0cular GC-QqQ, GC-quadrupole and 
GC-sector configura0ons3. However, ion mobility spectrometry has recently emerged as a 
promising complementary technique which could offer enhanced separa0on and greater 
confidence in analyte iden0fica0on4,5.  
 
At the outset of this PhD thesis, the use of IMS coupled to MS instruments to analyze 
environmental contaminants was s0ll in its infancy (Sec0on 1.3.5A). Furthermore, exis0ng 
applica0ons and developments were primarily  limited to4,5: 

- Hyphena0on with liquid chromatography (LC) 
- LC-compa0ble contaminants (e.g., pes0cides and drug residues) 
- Low-resolu0on IM technologies (e.g., driV tube and linear travelling wave IMS) 
- Qualita0ve studies 

 
In order to further expand the analy0cal scope of IM-MS, this doctoral thesis was guided by 
the following main objec0ves: 

I. To develop and op0mize a GC-hyphenated IM-MS system to enable the applica0on of 
ion mobility–mass spectrometry to GC-amenable compounds 

II. To characterize the ion mobili0es and CCS of GC-amenable halogenated POPs 
III. To evaluate the analy0cal benefits of using a higher resolu0on IM technology (TIMS) 

for both the targeted and untargeted analysis of these contaminants. 
IV. To assess the performances of the developed plaZorm for quan0ta0ve analysis of trace 

halogenated POPs in complex matrices 
 
The research conducted to achieve these objec0ves is summarized in this thesis manuscript, 
which is structured into four dis0nct research chapters (Figure 2.1).  

- Chapter 3 describes the implementa0on of a CCS calibra0on procedure and on the IM 
characteriza0on of several classes of POPs.  

- Chapter 4 focuses on op0mizing cri0cal parameters for IM separa0on and ion transfer 
within the instrument. A novel method, termed ‘Sliding Windows in Ion Mobility’ 
(SWIM) is introduced, significantly improving TIMS resolving power. 

- Chapter 5 evaluates the system’s quan0ta0ve performance, assessing linearity, limits 
of quan0fica0on (LOQs), precision, accuracy and measurement uncertainty for the 
targeted analysis of dioxins and PCBs in several food samples. The advantages of ion 
mobility, such as enhanced selec0vity and CCS based for confirma0on, are also 
discussed . 

- Chapter 6 applies the developed method to the non-targeted analysis of halogenated 
compounds in a stranded killer whale, showcasing the poten0al of high-resolu0on ion 
mobility-mass spectrometry and advanced IM-enhanced MS/MS fragmenta0on mode 
(PASEF) for the characteriza0on of unknown pollutant in complex biological matrices. 

 
The thesis concludes with a discussion on the broader implica0ons of these findings, 
emphasizing the value of gas chromatography-ion mobility-mass spectrometry in advancing 
regulatory contaminant analysis and environmental monitoring. 
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Figure 2.1 - Graphical abstract of PhD project 
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This chapter focuses on the characteriza1on of ion mobili1es and collision cross sec1ons of selected 
classes of halogenated persistent organic pollutants. It begins by introducing a CCS calibra1on 
procedure compa1ble with the GC-APCI–coupled 1msTOF system. The chapter then examines the ion 
mobility behavior of APCI-generated (quasi)molecular and fragment ions. Finally, it provides a 
compara1ve overview of CCS values across a broad range of halogenated POP classes, many of which 
are reported here for the first 1me. 

3.1  - Materials and methods 
 
The development of the IM calibra1on procedure was performed on a commercial 1msTOF Pro 2 mass 
spectrometer with various ion sources (Bruker, Bremen): ESI, LC-APCI and GC-APCI. Agilent tune mix 
and PAHs standards were purchased from Agilent Technologies (Santa Clara, USA) and Wellington 
Laboratories (Ontario, Canada), respec1vely.  
 
All POPs standards measurements were performed on a commercial 1msTOF Pro 2 mass spectrometer 
(Bruker, Bremen) equipped with a Scion 456-GC connected to an atmospheric pressure chemical 
ioniza1on (APCI) source (GC- APCI II, Bruker, Bremen) (see Appendix A for photographs of the 
instrument setup). Appendices C, D and E provide the general principles of GC, APCI and TOF-MS, 
respec1vely.  
 
The standards were purchased from Wellington Laboratories (Ontario, Canada) and CIL (Tewksbury, 
MA). IM and MS calibra1on were performed using the internal calibra1on procedure described in this 
chapter. 
 

3.2  - Results and discussion 
 

3.2.1  - CCS calibra/on procedure for GC hyphenated /msTOF systems 
 
Although aYempts have been made to determine CCS on 1msTOF instruments from first principles 
(i.e., without a calibra1on procedure), accurately measuring key experimental parameters, such as 
temperature, pressure, and gas velocity inside the TIMS tunnel, currently limits this approach5. 
Therefore, the determina1on of K0 and CCS values on TIMS is currently performed via a calibra1on 
procedure based on the following equa1on6: 
 

∆"!"#"$#%&' ≃ $ + & 1
((

 

 

 
(3.1) 

This equa1on stems from the fact that in TIMS, the poten1al drop across the plateau at which an ion 
is detected is approximately linearly propor1onal to the inverse of its reduced mobility coefficient7 
(see Appendix B for the complete deriva1on of this equa1on). In prac1ce, the detec1on voltages of 
several calibrant ions with known reduced mobili1es are measured and the empirical coefficients $ 
and & are determined through a linear fit6. Then, the reduced mobility coefficient of any ion can be 
retrieved through the calibra1on equa1on by measuring its detec1on voltage. The CCS can also be 
obtained based on the fundamental low-field ion mobility equa1on (equa1on 1.2, Sec1on 1.3.2B). 
 
In general, the calibra1on of TIMSK0 is performed using a mixture of calibrant molecules known as the 
Agilent ESI tune mix. This mixture contains nine fluorinated compounds and betaine, yielding up to ten 
ions in posi1ve and in nega1ve modes within the mass range 100 – 3000 m/z. The collision cross 
sec1ons of these ions have been accurately determined using a dria tube instrument8 and are in the 
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range from approximately 100 to 500 Å2. To calibrate the instrument, a diluted solu1on of this mix is 
directly infused into the ion source (e.g., ESI source) and the calibra1on coefficients are automa1cally 
determined based on the linear regression.  
 
Unfortunately, the Bruker GC-APCI II source is not designed to infuse solu1ons directly into the 
ioniza1on region. As a result, calibra1on through direct infusion of the Agilent tune mix (or any 
calibra1on mix) is not possible. Therefore, alterna1ve calibra1on strategies had to be found. This 
sec1on describes and discusses several calibra1on procedures that were inves1gated. 
 

A.  Calibra/on before ion sources switching 
 
The first method we inves1gated involved the following straighcorward procedure. First, the 
instrument was calibrated with the Agilent tune mix using a compa1ble ion source. Second, the ion 
source was removed and replaced with the GC-APCI source. To test this procedure, the instrument was 
calibrated with the LC-APCI source† and the Agilent tune mix. Next, a standard solu1on of 2,3,7,8-TCDD 
was directly infused into the source and the inverse of its reduced ion mobility was measured‡ (red 
peak in Figure 3.1). Then, the LC-APCI source was replaced by the GC-APCI source and a diluted 
solu1on of the TCDD solu1on was injected and its 1/K0 was measured once again (orange peak in Figure 
3.1). As is apparent in Figure 3.1, a significant shia towards lower 1/K0 values was observed for the 
mobility measurement performed with the GC-APCI source configura1on, compared with the 
reference LC-APCI measurement. 
 
To try to explain the observed shia, two hypotheses were formulated: 

- Impact of helium: The GC separa1ons were performed with helium as the carrier gas. Aaer 
the compounds are separated in the GC column, they are transferred from the gas 
chromatograph to the inside of the APCI source via the transfer line (see Figures A2 and A3 in 
Appendix A). There, the helium carrier gas mixes with nitrogen that originates from the 
nebulizer (used to perform the corona ioniza1on) and the spray shield (‘dry gas flow’). The gas 
mixture is then transferred into the mass spectrometer through the glass transfer capillary. 
Some of the gas is pumped out of the mass spectrometer while the rest is forced through the 
TIMS cell, where it serves as the buffer gas. Since the reduced mobility coefficient K0 depends 
heavily on the gas composi1on (Sec1on 1.3.2B), the presence of helium in the nitrogen buffer 
gas could therefore contribute to the observed shia. 

- Changes in the thermodynamic proper1es of the buffer gas: The calibra1on coefficients are 
valid for a specific gas velocity, temperature, and pressure (see Appendix B). Gas velocity 
affects the drag force experienced by ions and therefore the trapping voltage. Pressure and 
temperature directly affect the ion mobility coefficient K 	 (equa1on 1.2, Sec1on 1.3.2B). 
Consequently, a change in any of these proper1es aaer connec1ng the GC-APCI to the 
instrument would result in a an apparent§ shia of the mobility peaks. 
 

 

 
† In contrast to the GC version, this ion source allows solu4ons to be directly infused, and thus, calibra4on to be performed 
with the Agilent tune mix. Moreover, it also allows the ioniza4on of halogenated POPs (more readily so than the ESI source).   
‡ In TIMS, mobility spectra are reported as a func4on of the inverse reduced mobility (1/K0), which is propor4onal to CCS. 
§ The shiK is considered apparent because the reduced ion mobility coefficient (and thus 1/K0) is theore4cally independent 
of pressure and driK gas velocity (though it remains dependent on temperature). However, changes in pressure or driK gas 
velocity influence the detec4on voltage. Since 1/K0 values are calculated from the detec4on voltage and predefined 
calibra4on parameters, any change in voltage without upda4ng the calibra4on parameters to reflect the new experimental 
condi4ons will lead to an inaccurate 1/K0 measurement. In this case, the true 1/K0 remains unchanged, but the measured 
value appears shiKed. This results in an apparent shiK in ion mobility. 
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Figure 3.1 – Overlaid ion mobility spectra of the 2,3,7,8-TCDD measured with the LC-APCI source (in red) and the GC-APCI 

source (in orange). 

 
To test the first hypothesis, we monitored the rela1ve ion mobility of siloxane background ions across 
a range of helium flow rates, from 0.1 to 6.0 mL/min. As shown in Figure 3.2, increasing the helium 
concentra1on in the ion source resulted in only minimal changes to the measured ion mobili1es. This 
suggests that the observed mobility shia cannot be aYributed to the presence of helium in the 
nitrogen buffer gas. This is likely due to the very low helium flow rate (~60 mL/hour) rela1ve to the 
total nitrogen flow in the source (~150 L/hour), resul1ng in an expectedly low helium concentra1on 
in the buffer gas. 
 

 
 

Figure 3.2 – Listed ion mobility spectra of three siloxane background ions (m/z 355, 429 and 503) recorded at various 
helium carrier gas flow. 
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Tes1ng the second hypothesis proved more challenging in the first place, as the analy1cal** dria gas 
velocity, temperature, and pressure are not measured on 1msTOF instruments. However, the pressure 
at the entrance of the tunnel (pent, around the first funnel) is recorded. Both the analy1cal dria gas 
velocity and pressure are related to this pressure: they both increase with increasing pent. Therefore, 
although the direct impact of the GC-APCI source on dria gas condi1ons inside the TIMS tunnel could 
not be measured, varia1ons in pent provided an indirect means of assessing such effects.  
 
Thus, in order to inves1gate this effect, the entrance pressure pent was monitored before and aaer 
installing the GC-APCI source. A measurable drop was observed, from 2.55 mBar (before) to 2.40 mBar 
(aaer), indica1ng a likely decrease in both the analy1cal pressure and buffer gas velocity within the 
TIMS cell. This finding aligns with the apparent mobility shia previously observed, as the detec1on 
voltage is expected to decrease with reduc1ons in both buffer gas velocity and analy1cal pressure (as 
described by equa1on A7 in Appendix B).  As a result, the apparent mobility shia observed using this 
calibra1on method can be aYributed primarily to a change in the analy1cal dria gas pressure and 
velocity when the GC-APCI is installed. A poten1al contribu1on from a change in analy1cal 
temperature cannot be excluded, although this parameter could not be assessed in the this 
experiment. 
 
To further inves1gate the experimental parameter(s) responsible for the observed pressure drop, the 
entrance pressure pent was monitored while individually varying key GC-APCI parameters: transfer line 
temperature, ion source temperature, nebulizer pressure, dry gas flow, and dry gas temperature (see 
Appendix A). Among these, only one parameter significantly impacted the entrance pressure and the 
corresponding apparent shia in 1/K0: the ion source temperature (Figure 3.3 and Figures S3.1-S3.4). 
As shown in Figure 3.3A, the entrance pressure decreased markedly as the ion source temperature 
was raised to its opera1onal value of 300 °C. The high temperature of the GC-APCI ion source was 
therefore iden1fied as the primary cause of the apparent shia in measured reduced mobility, in 
contrast to ESI and LC-APCI sources, which are not heated††. 
 
 

 
Figure 3.3 – (A) Varia4on of the TIMS entrance pressure (pent) as a func4on of the temperature of the ion source. (B) 

Corresponding ion mobility spectra from a background siloxane ion (m/z 355). 

 
** The driK gas pressure, temperature and gas velocity vary throughout the TIMS tunnel9. Those present at the elu4on 
posi4on (i.e., the loca4on between the ramp and the plateau region, see Figure 1.7 in Chapter 1) are referred to as 
‘analy4cal’. 
†† In the LC-APCI source, only the nebulizer part is heated to vaporize the droplets. 
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B.  External calibra/on procedure 
 
The findings from the previous sec1on demonstrated the need to recalibrate ion mobility 
measurements aaer installing the GC-APCI source on the 1msTOF instrument. Since direct infusion of 
a calibrant solu1on is not possible with this configura1on, we inves1gated an external calibra1on 
procedure where the calibrant is introduced through the GC. For this purpose, calibrant compounds 
that were GC-compa1ble and had published reference DTIMSCCS values had to be found. Aaer consul1ng 
several databases, a set of eleven polycyclic aroma1c hydrocarbons (PAHs) was iden1fied as suitable 
candidates10. A standard mixture of these compounds was prepared and analyzed using the GC-TIMS-
MS system. The uncalibrated TIMS 1/K0 and CCS values of the radical M⁺· ions were determined. As 
shown in Figure 3.4, ploong the experimental TIMSCCS values against the reference DTIMSCCS values 
revealed a strong linear correla1on (R2 = 0.9981). This confirmed the suitability of using these PAHs for 
recalibra1ng the ion mobili1es and CCS on the 1msTOF instrument aaer installing the GC-APCI source, 
using the corresponding regression curves. 

 
Figure 3.4 - (A) Experimentally measured TIMSCCSN2 of the radical molecular ion M+. of eleven PAHs against their 

corresponding reference DTIMSCCSN2. (B) Reference DTIMSCCSN2 of the eleven radical M+. PAH ions taken from ref. [10]. 

 
However, although this recalibra1on procedure is effec1ve, it presents several prac1cal disadvantages. 
First, the calibrant molecules are both costly and toxic (PAHs are well known suspected  carcinogenic 
environmental contaminants11). Second, a full GC-TIMS-MS analysis of the PAH calibrant mixture must 
be performed each 1me ion mobility recalibra1on is required. This may be necessary, for example, if 
the scan rate b is modified (i.e., when adjus1ng the IM range or analysis 1me), or more generally 
whenever dria gas proper1es fluctuate over 1me. A recent study has shown that daily varia1ons in 
atmospheric pressure can influence the entrance pressure of the TIMS cell (and consequently, the dria 
gas velocity) leading to slight apparent shias in measured ion mobili1es throughout the day12. Given 
that a full GC-TIMS-MS analysis takes approximately 30 minutes, this recalibra1on approach is 
rela1vely 1me-consuming and imprac1cal on the long term. In addi1on, the ion mobili1es and CCS 
cannot be calibrated directly in real 1me on the acquisi1on soaware. Recalibra1on can only be done 
manually post acquisi1on using the regression curves created aaer the analysis of the mix of PAHs 
calibrants, contribu1ng to addi1onal workload and an increased risk of introducing manual errors 
during data processing. 
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C.  Internal calibra/on procedure 
 
To overcome these issues, we inves1gated the use of background ions as internal calibrants. Cyclic 
siloxanes are well-known thermal degrada1on products of polydimethylsiloxane (PDMS), the polymer 
material commonly used in GC sta1onary phases13. During a typical GC analysis, these vola1le 
molecules are con1nuously emiYed and dominate the signals in full-scan MS spectra. Figure 3.5 shows 
a mass spectrum recorded at high GC oven temperature on our system, where the release of siloxanes 
(commonly referred to as ‘GC column bleed’) was par1cularly intense. Numerous peaks were observed 
across the mass range from 200 to 1000 m/z. Among these, several series of siloxanes, separated by a 
constant m/z difference of 74 (corresponding to a repea1ng OSi(CH3)2 unit), were iden1fied (Figure 
S3.5). 
 

 
Figure 3.5 – Average background mass spectrum recorded on the 4msTOF instrument with the GC oven temperature set to 

300 °C. 

 
The ion mobili1es of these siloxanes were inves1gated in detail. It was found that lower-mass siloxane 
ions (<500 m/z) generally exhibited well-defined IM peaks, with CCS values that increased steadily with 
ion mass (Figure 3.6). For some siloxane ions, the mobility spectra displayed mul1ple peaks. These 
addi1onal peaks are likely the result of post-TIMS fragmenta1on of higher-mass precursor ions; for 
example, the loss of methane from the m/z 297 siloxane ion (C8H25Si4O4) to form the fragment ion with 
m/z 281 (C7H21Si4O4) (Figure S3.6). A similar reasoning can be applied to m/z siloxane ions 371 – 355 
and 445 – 429. The behavior of fragment ions in TIMS will be provided in detail in Sec1on 3.3.2B. 
 
Ul1mately, five siloxane ions (highlighted in Figure S3.7) were selected as internal calibra1on ions. As 
their ion mobility coefficients and CCS values were not available in the literature, their CCS were 
determined using the external calibra1on procedure described in the previous sec1on. The calibrated 
1/K₀ values for these siloxanes‡‡ ranged from 0.693 to 0.992 V·s/cm2, corresponding to CCS values 
between 147.2 and 204.1 Å2. The use of these background ions as internal IM calibrants offers several 
advantages: 
 

 
‡‡ As will be discussed in a later chapter (Sec4on 5.2.2A), ion mobility peaks tend to shiK slightly toward higher CCS values 
when the number of trapped ions becomes excessive. To avoid this effect, the CCS values of the siloxanes were determined 
at a low temperature (140 °C) and an intermediate accumula4on 4me (75 ms). Consequently, when performing IM 
calibra4on, it is important to select similar condi4ons to minimize CCS shiKs and ensure calibra4on accuracy. 
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- Calibra1on is fast and can be performed in real 1me once the GC is connected to the 
instrument. 

- Recalibra1on can be applied post-acquisi1on to improve reproducibility and correct for run-
to-run fluctua1ons in buffer gas proper1es. 

- As background ions, they are freely available and do not require addi1onal cost or sample 
prepara1on. 

- The range of CCS values covered closely matches that of the halogenated POPs analyzed in this 
thesis (see Sec1on 3.2.2C). 

- In addi1on to calibra1ng the ion mobility, they can also be used to calibrate the mass to charge 
ra1o. These five ions and six other higher-mass siloxane ions were selected for that purpose 
(Table S3.1). 

 

 
Figure 3.6 – Listed ion mobility spectra of selected lower-mass siloxane ions. 

 
However, a major drawback is that siloxanes are only ionized in posi1ve mode, limi1ng their use for 
IM calibra1on in nega1ve mode. 
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3.2.2  - Ion mobili/es and collision cross sec/ons of halogenated POPs 
 
Throughout this PhD thesis, a wide range of GC-amenable POP classes were inves1gated using the 
developed GC-APCI-TIMS-MS system. The classes of POPs considered were: 

- Chlorinated, brominated and mixed chlorinated-brominated dibenzodioxins (PCDDs, PBDDs 
and PXDDs) 

- Chlorinated, brominated and mixed chlorinated-brominated dibenzofurans (PCDFs, PBDFs and 
PXDFs) 

- Chlorinated, brominated and mixed chlorinated-brominated biphenyls (PCBs, PBBs and PXBs) 
- Polybrominated diphenyl ethers (PBDEs) 
- Polychlorinated naphthalenes (PCNs) 
- Emerging brominated flame retardants (eBFRs) 
- Organochlorine pes1cides (OCPs) 

 
This sec1on presents a detailed discussion of the trapped ion mobility analysis of these halogenated 
POPs. A complete list of these compounds, along with their measured TIMSCCSN2values, is provided in 
Appendix F. 
 

A.  Ion mobili/es of (quasi)molecular ions 
 
In atmospheric pressure chemical ioniza1on (APCI), two main posi1ve ioniza1on mechanisms have 
been reported: proton transfer and charge transfer13,14 (see Appendix D for details). For all classes of 
POPs inves1gated, both ioniza1on pathways were observed, although charge transfer was the 
dominant mechanism for nearly all compounds. The rela1ve contribu1on of each mechanism was 
found to depend on the chemical class. As illustrated in Figure 3.7, PCBs exhibited the lowest average 
propor1on of proton transfer ioniza1on (less than 15%), while brominated dioxins, furans, and 
diphenyl ethers showed the highest (exceeding 25%). All other classes listed in Figure 3.7 (i.e., 
chlorinated dioxins and furans, brominated biphenyls, PCNs, and mixed Cl-Br classes) displayed an 
average proton transfer contribu1on of between 15 and 20%. Overall, these results suggest that 
halogenated biphenyls are less prone to proton transfer ioniza1on compared to halogenated dioxins, 
furans, naphthalenes, and diphenyl ethers. Addi1onally, the presence of bromine atoms appears to 
favor proton transfer ioniza1on more than chlorine atoms. 
 

 
Figure 3.7 – Comparison of the rela4ve propor4ons of charge transfer and proton transfer ioniza4on mechanisms across 

different POP congener classes. Rela4ve ioniza4on was calculated by comparing the areas of the IM peaks corresponding to 
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the most intense isotopologue of the (quasi)molecular ions. When relevant, the contribu4on of their corresponding 
fragment ions was also included. For example, the total IM area for the [M+H]+ ion of PCDDs was calculated as the sum of 

the areas of the protonated ion and the corresponding [M+H-Cl]+. fragment ion. The area of the most intense isotopologue 
of the fragment ions was corrected to account for differences in absolute isotopic abundance (e.g., the absolute isotopic 

abundance of the M+2 isotopologue of the [M+H]+ ion of hexachlorodibenzo-p-dioxin is 32.0%, while that of the M+2 
isotopologue of the corresponding [M+H-Cl]+. fragment ion is 35.2%). Further details regarding the fragmenta4on of these 

ions are provided in the next sec4on (3.2.2B). 

Within each chemical class, the rela1ve propor1ons of the two ioniza1on mechanisms were found to 
be further influenced by the degree of halogena1on, with lower-halogenated congeners generally 
exhibi1ng a higher propor1on of proton transfer ioniza1on (Figure S3.8A). In some cases, the specific 
halogen subs1tu1on paYern (i.e., isomers) also affected the ioniza1on behavior (Figure S3.8B). For a 
given compound, the rela1ve contribu1ons of each ioniza1on mechanism were found to be 
reproducible over 1me (Figure S3.8C). 
 
In terms of ion mobility, the spectra of radical molecular ions (M+.) for most POP classes - including 
halogenated dioxins, furans, biphenyls, diphenyl ethers, naphthalenes, simple OCPs such as 
hexachlorobenzene, and eBFRs (with the excep1on of dechloranes) - were typically characterized by a 
single Gaussian peak (Figure 3.8, upper ion mobility traces). This suggests the adop1on of either a 
single conforma1on (e.g., for rigid molecules like halogenated dioxins, furans, naphthalenes, and 
subs1tuted-benzene-type eBFRs and OCPs) or a weighted average of rapidly interconver1ng 
conforma1ons rela1ve to the 1mescale of ion mobility separa1on1 (e.g., for molecules having flexible 
bonds such as halogenated biphenyls and diphenyl ethers). 
 
In contrast, the ion mobility spectra of the corresponding protonated species ([M+H]+) were usually 
more complex, some1mes showing distorted peaks (Figure 3.8B) or even mul1ple peaks (Figure 3.8C). 
Most of the 1me, the CCS values of these ions were slightly higher than those of the corresponding 
radical molecular ions, oaen merging partly with the ion mobility peak of the laYer§§ (e.g., Figure 3.8B), 
although a few excep1ons showed lower CCS values (e.g., HxBB 153, Figure S3.9). The underlying 
reasons for these observa1ons remain unclear. The asymmetric peak shapes and mul1ple features may 
arise from various factors1,6, including the presence of mul1ple protomers depending on the 
protona1on site (e.g., heteroatoms or p-electron systems), the existence of mul1ple conformers, or 
dynamic equilibria with adducts (e.g., ion–water clustering) during separa1on. 
 
For classes of POPs with more complex structures, such as OCPs and dechloranes, the spectra of their 
radical molecular ions (M+.) were some1mes characterized by the presence of mul1ple peaks, which 
could be aYributed to the adop1on of mul1ple stable gas-phase conforma1ons (Figure 3.9, see also 
Table A2 in Appendix F). The ion mobility spectra of their corresponding protonated ions ([M+H]+) 
were also usually similarly complex (Figure S3.10). 
 

B.  Ion mobili/es of fragment ions 
 
APCI is considered a soa ioniza1on technique in the sense that it yields to reduced in-source 
fragmenta1on compared to hard ioniza1on technique such as EI. This is primarily due to the low energy 
transfer between the reactant ion and the analyte during chemical ioniza1on, as well as the high rate 
of collisions (up to 106 per millisecond) at atmospheric pressure, which enables efficient ion 

 
§§ Since radical molecular ions (M+.) and protonated ions ([M+H]+) of halogenated POPs differ only by the 
presence of a hydrogen atom, their isotopic clusters overlap, with an m/z offset of one unit. In most cases, the 
resolving power of the TOF mass spectrometer was sufficient to differen*ate the two ions at m/z values 
corresponding to the even N+x isotopologues of the M⁺· ion (i.e., the odd N+x isotopologues of the [M+H]+ 

ion). However, it was not sufficient to fully separate the two ions at m/z values corresponding to the odd N+x 
isotopologues of the M+. ion (i.e., the even N+x isotopologues of the [M+H]+ ion) (Figure 3.8). 
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thermaliza1on through collisional cooling13,14. However, ioniza1on is not the only source of energy 
input; subsequent steps such as ion mobility separa1on and ion transfer can also impart energy to the 
ions, poten1ally causing addi1onal fragmenta1on15,16. 
 

 
Figure 3.8 – Typical ion mobility spectra of radical molecular (M+.) and protonated ([M+H]+) ions for halogenated POPs with 

simple chemical structures. In most cases, both types of ions produced a single Gaussian peak (example A). However, in 
some instances, the ion mobility peak of the protonated ion appeared distorted (B) or even split into mul4ple peaks (C). In 
each example, the ion mobility spectrum corresponds to the most intense isotopologue of each ion, with a symbol linking 

the spectrum to its associated m/z peak within the overlapping isotopic cluster. For the protonated ions, signal interference 
from the radical molecular ion is consistently observed, due to the mass spectrometer's limited resolving power (RTOF	≃	50 
000) in dis4nguishing these isobaric species at those m/z values (the required resolving power RFWHM to separate the signal 
of the two ions at half height is indicated in parenthesis). For the radical molecular ions, the resolving power was sufficient 

to resolve the isobaric interferences. 
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Figure 3.9 – Ion mobility spectrum of the radical molecular ion (M+.) of the organochlorine pes4cide heptachlor, showing 

four dis4nct peaks. 
 
 
For the classes of compounds inves1gated in this project, it was observed that: 

- Compounds with simple chemical structures (i.e., all POPs except Dechloranes and most 
OCPs) exhibited low to moderate fragmenta1on - typically less than 20% of the total number 
of ions, on average (Figure S3.11) - and produced a limited variety of fragment ions (either 1 
or 2). 

- Compounds with more complex chemical structures (i.e., Dechloranes and most OCPs) 
exhibited extensive fragmenta1on (up to 100%) and generated a wide variety of fragment 
ions (see Table A2 in Appendix F). 

 
Simple chemical structure with a single fragment 
 
In the simplest cases, only a single type of fragment was observed. This was true for PCDDs, PCDFs, 
PBDDs, PBDFs, PXBs, PXDFs, PCNs, most eBFRs, and hexachlorobenzene (an OCP). Figure 3.11 
illustrates the typical resul1ng ion mobility spectra of both the precursor and fragment ions, using 
2,3,7,8-TCDD as an example.  
 
As shown in this figure, the ion mobility spectrum of the fragment ([M+H-Cl]+.) was characterized by 
two dis1nct ion mobility distribu1ons: one at lower CCS values and another at higher CCS values, the 
laYer closely matching the CCS of the [M+H]+ ion. The first distribu1on most likely corresponds to the 
CCS of the fragment itself, which formed before (e.g., in source, during transfer to the TIMS cell…) or 
during the ion mobility separa1on15. Since the loss of a halogen atom from a polyhalogenated structure 
can occur at different sites, this some1mes resulted in mul1ple peaks within the lower CCS region, 
represen1ng isomeric fragment ions (Figure S3.12). The second distribu1on likely corresponds to the 
CCS of the parent ion, which underwent fragmenta1on aaer the ion mobility separa1on15 (i.e., post-
IM fragmenta1on).  
 
Interes1ngly, if this interpreta1on holds true, it suggests that by matching the high CCS distribu1on of 
fragment ions with the corresponding CCS distribu1on of the (quasi)molecular ions, one can iden1fy 
the precursor ion(s) from which the fragments originate. For example, the perfect alignment between 
the high CCS peak of the 2,3,7,8-TCDD fragment ions and that of the protonated ion ([M+H]+) strongly 
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suggests that the [M+H-Cl]+. fragment originates exclusively from the fragmenta1on of [M+H]+, rather 
than from the radical molecular ion (M+.). This laYer observa1on can likely be extended to all other 
congeners of PCDDs, as well as nearly all other classes of POPs men1oned in the previous paragraph, 
as summarized in Table 3.1. 
 

 
Figure 3.11 – Ion mobility spectra of the radical molecular ion (top), protonated ion (middle), and fragment ion (bomom) of 

2,3,7,8-tetrachlorodibenzo-p-dioxin. 

 
Table 3.1 – Type of fragment, precursor ion and average extent of fragmenta4on observed for the classes of POPs giving 
rise to a single fragment ion. (PBBz= 1,2,3,4,5-pentabromobenzene; PBT= Pentabromotoluene; PBEB= 
Pentabromoethylbenzene; HBBz= Hexabromobenzene; pTBX= 2,3,5,6-tetrabromo-p-xylene; HCB=Hexachlorobenzene) 

Classes of POP Fragment 
type 

Precursor ion 
 (as suggested by alignment of the IM 

peaks) 

Average 
extent of 

fragmentaHon 
Protonated ion 

[M+H]+ 
Radical 

molecular ion 
M+. 

PCDDs [M+H-Cl]+. x  57% 
PCDFs [M+H-Cl]+. x  7% 
PBDDs [M+H-Br]+. x  74% 
PBDFs [M+H-Br]+. x  58% 
PCNs [M+H-Cl]+. x  62% 

eBFRs PBBz, PBT, 
PBEB & 
HBBz 

[M+H-Br]+. x   

pTBX [M-Br]+  x 
OCP HCB [M-Cl+NH3]+  x 
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Fragmenta1on of the protonated ion is proposed to occur via the loss of a halogen radical (X°, either 
bromine or chlorine), according to the following scheme: 
 

[+ +,]) → [+ +, − 1]). + 1 .  
 
However, the forma1on of a radical fragment from a protonated ion, as suggested by this mechanism, 
is somewhat ques1onable. According to the even-electron rule, even-electron ions (such as 
protonated molecules) typically do not undergo fragmenta1on pathways that yield odd-electron 
(radical) ca1ons13. Nevertheless, excep1ons to this rule have been documented, par1cularly when the 
resul1ng radical fragment is highly stabilized13, which may be the case here. 
 
To further confirm the iden1ty of the precursor ion giving rise to [M+H-X]+. fragments, a tandem MS 
experiment was conducted using PBDEs. As discussed in the next sec1on, PBDEs generate two types 
of fragments, one of which, [M+H-Br]+., is believed to originate from the protonated ion, based on 
alignment of the ion mobility peaks. In this experiment, a mixture of five tetrabromodiphenyl ethers 
(TBDEs) was analyzed using the GC-TIMS-MS system. For the first three elu1ng isomers, the 
quadrupole was configured to isolate the first isotopologue (N+0) of the radical molecular ion (M+.), 
which was then fragmented in the collision cell at intermediate energy (20 eV) followed by full-scan 
analysis of the fragments in the TOF. This specific isotopologue was selected because it is the only one 
of the M+. ion that does not overlap with any isotopologues of the protonated ion [M+H]+ due to the 
one mass unit difference. For the last two elu1ng isomers, the most intense isotopologue of the 
protonated ion (N+4) was isolated and fragmented. However, in this case, complete isola1on of the 
[M+H]+ isotopologue was not possible, as the isobaric N+5 isotopologue of the radical molecular ion 
was also present, albeit at a lower rela1ve abundance (approximately 30%). 
 
The resul1ng tandem mass spectra are shown in Figure 3.12. As depicted, the top three spectra, 
corresponding to the isola1on and fragmenta1on of one isotopologue of the radical molecular ion, 
were characterized by the presence of a fragment of the type [M-2Br]+, while no signal corresponding 
to the [M+H-Br]+. fragment was detected. In contrast, the boYom two tandem mass spectra, resul1ng 
from the isola1on and fragmenta1on of a mixture of both the radical and protonated ions, were 
dominated by an intense signal corresponding to the [M+H-Br]+. fragment. Addi1onally, low-intensity 
signals corresponding to [M-2Br]+ fragments were observed, consistent with the concomitant presence 
of the radical molecular ion. This experiment thus confirms that the [M+H-Br]+. fragment, and more 
generally the [M+H-X]+. fragment, originates from the fragmenta1on of the protonated ion, in 
agreement with the conclusions drawn from the analysis of the ion mobility spectra. 
 
 
Simple chemical structure with two fragments 
 
For the classes of PCBs, PBBs, PBDEs, PXDDs, PXDFs, and PXBs, two types of fragment ions were 
some1mes observed in their respec1ve mass spectra. Inspec1on of the corresponding ion mobility 
spectra revealed two dis1nct cases regarding the origin of the precursor ions: 
 

- Both fragment ions originate from the same precursor ion (Figure 3.13A). This was observed 
for PXDDs, PXDFs, PXBs, and some PCBs and PBBs. 

- Each fragment ion originates from a different precursor ion (Figure 3.13B). This was the case 
for PBDEs. 

 



 56 

 
Figure 3.12 – Tandem mass spectra of the five tetrabromodiphenyl ethers. In the top three spectra, the N+0 isotopologue 
(C12OH679Br4) of the radical molecular ion was isolated and fragmented. In the bomom two spectra, the N+4 isotopologue 

(C12OH779Br281Br2) of the protonated ion and the N+5 isotopologue (13C112C11OH679Br281Br2) of the radical molecular ion 
were isolated and fragmented simultaneously. 

 
Figure 3.13 – Ion mobility spectra of the radical molecular ion (top), protonated ion (second), and fragment ions (bomom 
two) of (A) 2,3-Br,7,8-Cl-dioxin and (B) TriBDE-17. The proposed fragmenta4on schemes are shown at the bomom of each 

panel. 
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An interes1ng mixed case was observed for PCBs and PBBs. Congeners without halogens at the ortho 
posi1ons of both aroma1c rings (i.e., non-ortho, mono-ortho, and some di-ortho subs1tuted 
congeners) as well as tetra-ortho subs1tuted congeners produced two fragment ions ([M+H-X]+. and 
[M-X]+) from the same precursor ion (the protonated ion), in accordance with the first case described 
above (Figure 3.14A). However, congeners bearing halogens at the ortho posi1ons of both aroma1c 
rings (excluding the tetra-ortho congeners) also showed addi1onal forma1on of the [M-X]+ ion 
fragment through the fragmenta1on of the radical molecular ion (M+.), resul1ng in the hybrid 
fragmenta1on scheme shown in Figure 3.14B. 
 

 
Figure 3.14 – Ion mobility spectra of the radical molecular ion (top), protonated ion (second), and fragment ions (bomom 

two) of (A) HxCB 167 and (B) HxCB 128. The proposed fragmenta4on schemes are shown at the bomom of each panel. 

The fragmenta1on characteris1cs of the classes of POPs examined in this sec1on is summarized in  
Table 3.2. 
 
Comment on the average extent of fragmenta1on 
 
Across POP classes with mul1ple congeners, significant fragmenta1on was observed primarily for the 
protonated ions, while radical molecular ions consistently showed minimal fragmenta1on, with 
average extents below 3% (Table 3.2).  
 
Bromine subs1tu1on markedly increased the fragmenta1on of protonated species. For example, the 
average fragmenta1on extent of [M+H]+ ions rose from 5% in chlorinated biphenyls (PCBs) to 44% in 
brominated biphenyls (PBBs). This trend was also evident in mixed-halogenated classes, where [M+H-
Br]+. fragments were consistently more abundant than [M+H-Cl]+. fragments, even when chlorine 
atoms were more prevalent than bromine in the molecule (Tables 3.1 and 3.2). Overall, [M+H]+ 
fragmenta1on appeared to be most pronounced in halogenated naphthalenes and dibenzo-p-dioxins, 
least in halogenated diphenyl ethers, and intermediate in halogenated biphenyls and dibenzofurans. 
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Complex structures 
 
The wide variety of fragments and extensive fragmenta1on observed for most OCPs and dechloranes 
typically gave rise to complex ion mobility spectra. Figure 3.15 illustrates a representa1ve example 
using the OCP endosulfan sulfate. As shown, the numerous fragments were generally characterized by 
a distribu1on of ion mobility peaks in the lower CCS region (i.e., pre- or intra-IM fragmenta1on), which 
may result from the forma1on of mul1ple isomeric fragments or the presence of several stable 
conformers17. 
 
Table 3.2 – Type of fragment, precursor ion and average extent of fragmenta4on observed for the classes of POPs giving 
rise to two fragment ions. 

Classes of POP Fragment 
types 

Precursor ion 
 (as suggested by alignment of 

the IM peaks) 

Average extent of 
fragmentaHon 

Protonated 
ion [M+H]+ 

Radical 
molecular 

ion M+. 

Protonated ion 
[M+H]+ 

Radical 
molecular 

ion M+. 
PCBs [M+H-Cl]+. x  2%  

[M-Cl]+ x x 3% ∼0% 
PBBs [M+H-Br]+. x  44%  

[M-Br]+ x x ∼0% 3% 
PXDDs [M+H-Br]+. x  58%  

[M+H-Cl]+. x  29%  
PXDFs [M+H-Br]+. x  47%  

[M+H-Cl]+. x  ∼0%  
PXBs [M+H-Br]+. x  44%  

[M+H-Cl]+. x  ∼0%  
PBDEs [M+H-Br]+. x  26%  

[M-2Br]+  x  ∼0% 

 
In some cases, it was also possible to iden1fy post-IM fragmenta1on links between fragments and their 
precursor ions, which may be (quasi)molecular ions or even other fragments. For instance, the [M-
CCl2-H]+ fragment appears to be derived from the radical molecular ion (M+.), while the [C8Cl4O]+ and 
[C9Cl4H3]+ fragments seem to originate from the [M-HSO4-HCl]+ fragment, which itself appears to be 
linked to the [M-Cl]+ and [M-HSO4]+ fragments. Interes1ngly, the ion mobility spectrum of the [M-Cl]+  
fragment illustrates that fragment ions can some1mes exhibit larger CCS values than their precursor 
ion (in this case, M+.), possibly due to the adop1on of a more extended conforma1on following 
fragmenta1on17 (e.g., by ring opening). 
 
Overall, the complexity of the resul1ng spectra makes accurate iden1fica1on of the fragmenta1on 
pathways significantly more difficult and less reliable than the simpler fragmenta1on paYerns 
discussed in the previous sec1ons. 
 

C.  CCS trends*** 
 
Halogen type comparison 
 
A plot of the measured TIMSCCSN2 of different classes of pollutants as func1on of their mass is shown in 
Figure 3.16.  It can be observed that each class of halogenated POPs displays a dis1nct trend lines in  

 
*** The following discussion applies solely to congener-type POP classes 
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the CCS vs m/z dimension (Figure 3.16A), which is consistent with other IM studies performed on PCBs, 
PBDEs and PAHs10,18. As discussed in several papers, these specific m/z vs CCS trendlines can be used 
as an addi1onal tool in nontargeted applica1ons; for example to help in the iden1fica1on of the 
chemical class of an unknown compound19, but also to pre-filter complex data when specific class of 
compounds are search for20 (i.e., PFAS). 
 

 
Figure 3.15 – (A) APCI(+) mass spectrum of endosulfan sulphate highligh4ng the diversity of fragments formed before 

reaching the detector. (B) Ion mobility spectra of precursor (top) and fragment (bomom) ions. 

Notably, we observe a clear segrega1on of the trend lines between brominated POPs, chlorinated 
POPs, and the nonhalogenated class of PAHs (Figure 3.16B). The dis1nct separa1on between 
halogenated and non-halogenated compounds is largely due to the greater atomic mass of halogens 
(F, Cl, Br) compared to typical elements in organic molecules (such as C, H, O, N, P, and S)18,21,22. This 
results in fewer atoms for a given molecular mass, leading to more compact structures and higher 
overall ‘mass density’ (i.e., mass/CCS).  
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Figure 3.16 – CCS vs m/z plots of different POP classes analysed in this thesis. Panel (A) represents the data as a function of 
the different classes of POPs. Data were fitted with power trendlines of the type CCS = a x (m/z)b. Panel (B) represents the 

same data as a function of halogenation type. Note that the classes of OCPs and eBFRs, which display high intra-diversity in 
the chemical structures, were not included. CCS values are shown for the molecular ions (M+.). 
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The higher mass density of brominated compounds compared to chlorinated ones further explains 
their clear segrega1on observed in Figure 3.16B. Indeed, although the incorpora1on of bulky bromine 
atoms tends to increase the CCS more than chlorine atoms do (Figure S3.13), the accompanying gain 
in mass is significantly greater in the case of bromine (average atomic mass 79.9 Da) than chlorine 
atoms (35.4 Da). As a result, brominated compounds exhibit a smaller increase in CCS rela1ve to mass 
(reflected as a shallower slope in such plots) compared to their chlorinated counterparts. As expected, 
contaminant classes containing both chlorine and bromine subs1tuents (i.e., PXDDs, PXDFs and PXBs) 
were posi1oned between the chlorinated and brominated regions in Figure 3.16B. 
 
Contaminant class comparison 
 
As shown in Figure 3.17, for a given degree of halogena1on, the average CCS of the different POP 
classes approximately followed the order: CCSdibenzodioxins ≃ CCSdiphenyl ethers > CCSdibenzofurans ≃ CCSbiphenyls > 
CCSnaphthalenes. This rela1ve ordering was consistent with the one observed for the non-halogenated 
analogs (i.e., the corresponding skeletal structures, Figure S3.14). Addi1onally, the curves for 
halogenated dioxins, furans, diphenyl ethers, and naphthalenes were found to be roughly parallel, 
indica1ng a similar average rate of CCS increase with increasing halogena1on. In contrast, the curve 
for halogenated biphenyls was slightly steeper, sugges1ng that, on average, the addi1on of each 
halogen atom leads to a greater increase in CCS compared to the other classes. 

 
Figure 3.17 - Average TIMSCCSN2 of chlorinated (A) and brominated (B) POPs classes per halogena4on degree. Data were 

fimed with a second order polynomial regression (domed curves). CCS values are shown for the molecular ions (M+.). 
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Congener-level comparison 
 
Within a compound class, the CCS of the congeners was, as expected, primarily dependent on the 
number of halogen atom subs1tuents. For a given halogena1on degree (i.e., among isomeric 
congeners), a less pronounced but s1ll no1ceable dependence on the halogen subs1tu1on paYern 
could also be observed. Figure 3.18 illustrates this observa1on for the class of PCBs. Note the larger 
average difference in 1/K0 between PCB congeners with different degrees of chlorina1on compared to 
those with the same number of chlorine atoms. This behavior is similar to what is typically seen in the 
gas chromatographic reten1on 1mes of these POPs23 (i.e., the RT is primarily dependent on the 
halogena1on degree). 
 

 
Figure 3.18 – Overlaid ion mobility spectrum of 82 PCBs congeners analysed in this thesis. The inset illustrates the trend of 
decreasing CCS with increasing chlorine subs4tu4on at the ortho posi4ons for a few selected pentachlorobiphenyl isomers. 

CCS values are shown for the molecular ions (M+.). 
 
For some compound classes, notable CCS trends were observed among isomeric congeners based on 
their subs1tu1on paYerns. For example, halogenated biphenyl isomers generally exhibited lower CCS 
values as the degree of halogen subs1tu1on at the ortho posi1ons increased (see inset in Figure 3.18). 
This trend is likely due to the adop1on of more compact, non-coplanar conforma1ons by biphenyls 
with a higher number of ortho halogens. In contrast, biphenyls with few or no ortho halogens are 
believed to adopt more extended, coplanar conforma1ons, resul1ng in larger CCS values10. 
Interes1ngly, the influence of ortho subs1tu1on on the CCS of PCB congeners parallels its effect on 
their gas chromatographic reten1on 1mes, where greater ortho subs1tu1on typically results in lower 
reten1on 1mes (Figure S3.15). The ability to separate PCBs in both the GC and IM dimensions based 
on their degree of ortho subs1tu1on is par1cularly relevant, as this structural feature also governs 
their toxicity, non-ortho congeners being the most toxic. 
 
CCS trends were also observed for isomers belonging to other classes of POPs. For example, in the case 
of hexa 2,3,7,8-subs1tuted dibenzodioxins (PCDDs and PBDDs), isomers having the two extra halogen 
atoms on opposite sides of the dibenzodioxin moiety displayed a higher CCS compared to those having 
them on the same side (Figures 3.19 and S3.16).  
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Figure 3.19 - Ion mobility spectra of hexa subs4tuted 2,3,7,8-PCDDs. CCS values are shown for the molecular ions (M+.). 

Similarly, for the corresponding penta and hexa 2,3,7,8-subs1tuted dibenzo furans (PCDFs and PBDFs), 
isomers with extra halogen atom(s) on the same side of the oxygen atom (posi1ons 4 and 6, Figures 
3.20 and S3.17) generally displayed higher CCS values. This could be aYributed to the fact that 
halogens in those posi1ons lead to more extended structures compared to halogens in posi1ons 1 and 
9 (on the opposite side of the oxygen atom). 
 

 
Figure 3.20 - Ion mobility spectra of hexa-subs4tuted 2,3,7,8-PCDFs. Halogen atoms that are on the same side of the 
dibenzo furan moiety as the oxygen atom (posi4ons 4 and 6) are circled in orange, while those on the opposite side  

(posi4ons 1 and 9) are circled in green. CCS values are shown for the molecular ions (M+.). 
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3.3  - Conclusion 
 
In conclusion, the establishment of a robust CCS calibra1on procedure for GC-hyphenated 1msTOF 
systems proved to be essen1al due to the specific challenges introduced by the GC-APCI ion source 
(inability to perform direct infusion-based calibra1ons and changes in the analy1cal dria gas 
proper1es). The internal calibra1on strategy based on background siloxane ions described in this 
chapter provides a fast, cost-free, and real-1me calibra1on solu1on that also enables post-acquisi1on 
recalibra1on and extends to mass calibra1on. 
 
Furthermore, the GC-APCI-TIMS-MS measurements conducted on various classes of POPs 
demonstrated that factors such as halogen type and number, subs1tu1on paYern, molecular rigidity, 
and ioniza1on mechanism significantly influence their ion mobility and collision cross sec1on values. 
Since charge transfer generally predominated over proton transfer for most classes and typically 
resulted in simpler, single-peak mobility spectra, radical molecular ions appear as the most suitable 
candidates for quan1ta1ve applica1ons. However, the rich informa1on provided by the more complex 
ion mobility signatures of both protonated and fragment ions offers valuable poten1al for compound 
iden1fica1on in non-targeted analy1cal workflows. 
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3.5  - Suppor=ng informa=on 
 
FIGURES 
 

 

 
Figure S3.1 – (A) Varia4on of the TIMS entrance pressure (pent) as a func4on of the temperature of the transfer line; (B) 

Corresponding ion mobility spectra from a background siloxane ion (m/z 355). 

 
 

 
Figure S3.2 – (A) Varia4on of the TIMS entrance pressure (pent) as a func4on of the temperature of the nebulizeur pressure; 

(B) Corresponding ion mobility spectra from a background siloxane ion (m/z 355). 

 
 

 
Figure S3.3 – (A) Varia4on of the TIMS entrance pressure (pent) as a func4on of the temperature of the dry gas flow; (B) 

Corresponding ion mobility spectra from a background siloxane ion (m/z 355).  
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Figure S3.4 – (A) Varia4on of the TIMS entrance pressure (pent) as a func4on of the temperature of the dry gas temperature; 

(B) Corresponding ion mobility spectra from a background siloxane ion (m/z 355). 

 
 
 
 

 
 

Figure S3.5 – Series of siloxane ions iden4fied in the background GC bleeding. 
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Figure S3.6 – Proposed forma4on mechanism of siloxane background ions m/z 281 and 297 from polydimethylsiloxane 

polymer. The inset shows the ion mobility spectra of both ions. The alignment of their IM peaks suggests that m/z ion 297 is 
the precursor ion of m/z ion 281, consistent with the proposed mechanism. 

 
 

 
Figure S3.7 – Ion mobility spectra of the five siloxane ions used as internal IM calibrants. The reported CCS values were 

determined using the calibra4on curve shown in Figure 1.3. 



 70 

 
 
 

 
Figure S3.8 – Illustra4on of the impact of (A) halogena4on degree, (B) halogena4on subs4tu4on pamern and (C) 4me on 

the rela4ve propor4ons of charge transfer and proton transfer. 

 

 
Figure S3.9 – (A) Example of a compound (Hexabromobiphenyl 153) where the CCS of the protonated ion [M+H]⁺ is lower 

than that of the corresponding radical molecular ion M+.. Similar cases were observed for two other polybrominated 
biphenyls (HpBB 180 and OBB 194) and some organochlorinated pes4cides (e.g., p,p’-DDE and Dieldrin). (B) In contrast, for 
the structurally similar Hexabromobiphenyl 169, the more typical case is observed, with the protonated ion having a higher 

CCS than the radical ion.  



 71 

 

 
Figure S3.10 - Ion mobility spectra of the radical molecular ion and the protonated ion of the organochlorine pes4cide 

heptachlor epoxide endo. Both ions are characterized by complex peak pamerns. 

 
 
 

 

Figure S3.11 – Average fragmenta4on percentages across different POP congener classes. Percentages were calculated by 
comparing the sum of the IM peak areas of the most intense isotopologue of the fragment ions to the sum of the IM peak 

areas of both the fragment ions and the (quasi)molecular ions. Fragment ion areas were corrected to account for 
differences in absolute isotopic abundance rela4ve to the (quasi)molecular ions. 
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Figure S3.12 - Ion mobility spectra of the radical molecular ion (top), protonated ion (middle), and fragment ion (bomom) of 

2,3,7-tribromodibenzo-p-dioxin. Two dis4nct peaks are clearly observed in the low CCS region of the fragment ion 
spectrum. 
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Figure S3.13 – CCS vs. degree of halogena4on plots for different classes of halogenated biphenyls (A), halogenated dibenzo-

p-dioxins (B), and halogenated dibenzofurans (C). These plots highlight the following trends: (1) the increase in CCS with 
each addi4onal bromine atom (i.e., the slope) is greater than that observed for chlorine atoms; and (2) for a given total 

number of halogen atoms, CCS increases with the propor4on of bromine atoms. 
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Figure S3.14 – Collision cross sec4ons of the skeletal structures of the classes of PXDEs (diphenyl ether), PXDDs (dibenzo-p-

dioxin), PXDFs (dibenzofuran) and PXBs (biphenyl). As the corresponding standards were not available in our laboratory, 
these CCS values were inferred from the peaks corresponding to the pre/intra-TIMS fragmenta4on of monobromo-

subs4tuted analogs (with the assump4on that the vacant posi4on from the lost bromine atom is effec4vely replaced by the 
addi4onal hydrogen atom from protona4on). 



 75 

 

Figure S3.15 – Reten4on 4me versus CCS of PCBs (n=82). Color and shape respec4vely refer to halogena4on and ortho 
subs4tu4on degree of the PCBs. The inset is a close-up view of the data of pentachloro subs4tuted biphenyls (PeCBs). 

 

 
Figure S3.16 - Ion mobility spectra of hexa subs4tuted 2,3,7,8-PBDDs. 
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Figure S3.17 - Ion mobility spectra of PCDFs (A) penta-subs4tuted 2,3,7,8-PCDFs and (B) penta-subs4tuted 2,3,7,8-PBDFs. 
Halogen atoms that are on the same side of the dibenzo furan moiety as the oxygen atom (posi4ons 4 and 6) are circled in 

orange, while those on the opposite side  (posi4ons 1 and 9) are circled in green. 
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TABLES 
 
Table S3.1: Siloxane ions used for mass and ion mobility calibra4on. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  

Formula CCS [Å2] m/z 
[C6H19Si3O3]+ 147.2 223.0636 
[C7H21Si4O4]+ 162.2 281.0511 
[C9H27Si5O5]+ 172.1 355.0699 
[C11H33Si6O6]+ 189.3 429.0887 
[C13H39Si7O7]+ - 503.1075 
[C19H43Si7O6]+ - 563.1439 
[C21H49Si8O7]+ - 637.1627 
[C23H55Si9O8]+ - 711.1815 
[C29H59Si9O7]+ - 771.2179 
[C31H65Si10O8]+ - 845.2367 
[C33H71Si11O9]+ - 919.2554 
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This chapter examines the influence of various parameters on the performance of TIMS analysis, with 
a focus on ion transfer efficiency, fragmenta=on extent, and resolving power. The first part presents a 
systema=c evalua=on of general instrumental parameters affec=ng TIMS performance. The second 
part explores strategies to further enhance the ion mobility resolving power. 
 

4.1  - Materials and methods 
 
Unless otherwise specified, op=miza=on of transfer and resolving power parameters was carried out 
using a mixture of polybrominated diphenyl ethers (PBDEs), while fragmenta=on assessment was 
performed with a mixture of five polychlorinated dibenzo-p-dioxins (PCDDs). PBDEs were selected for 
the op=miza=on task due to their wide range of m/z values and ion mobili=es, thereby suppor=ng 
greater generalizability of the results. PCDDs, on the other hand, were chosen for fragmenta=on 
studies because they exhibit a simple fragmenta=on paOern, typically producing a single fragment ion 
from a single precursor ion (see Sec=on 3.2.2B). 
 
For the seSng up of the SWIM method (Sec=on 4.2.2C), a mixture of ca. 175 halogenated POPs (5−20  
pg/μL in n-nonane) was prepared from standards of halogenated dioxins (PCDD/ Fs, PBDD/Fs and 
PXDD/Fs), biphenyls (PCBs, PBBs and PXBs), and diphenyl ether (PBDEs). Standards were purchased 
from Wellington (Ontario, CA) and CIL (Tewksbury, MA). The standard mixture of faOy acid methyl 
esters (FAMEs) was purchased from Merck. 
 
Measurements were performed on a =msTOF Pro II mass spectrometer (Bruker, Bremen) equipped 
with the GC-APCI ion source (GC-APCI II, Bruker, Bremen). Injec=ons were performed in splitless mode 
on a Bruker 456-GC equipped with a low polarity Rxi-5Sil MS column (30 m × 0.25 mm × 0.25 μm, 
Restek). Helium was used as the GC carrier gas. Ion mobility and mass (re)calibra=on were performed 
according to procedure described in the previous chapter (Sec=on 3.2.1C). 
 

4.2  - Results and discussion 
 

4.2.1  - Impact of key parameters on TIMS performance 
 

A.  Accumula,on ,me 
 
Since the release of the “pro” version of timsTOF instrument by Bruker, the ion mobility cells are 
equipped with a dual stage design that enables ions to be accumulated and analyzed simultaneously 
in parallel for up to 100% ion utilization (i.e., when the accumulation time is set equal to the analysis 
time), resulting in maximum method sensitivity1 (Figure A4, Appendix A). However, increasing the 
accumulation time and therefore the number of ions sent to the TIMS cell can also negatively impacts 
the resolving power since higher ion densities can lead to charge repulsion and peaks broadening1–4 
(commonly referred to as space charge effects). Also, the TIMS cell, like any ion trap, is limited in its 
capacity to store ions. Above a certain value, the cell reaches a saturation point and can no longer 
store more ions1,3. Thus, a compromise must be found between sensitivity (number of ions 
accumulated) and selectivity (resolving power). 

To find the optimal accumulation time, the PBDEs mixture was analyzed multiple times with increasing 
accumulation times (from 10 to 250 ms) for a fixed analysis time (250 ms). As expected, the results 
indicated an overall increase in signal intensity and decrease in resolving power with increasing 
accumulation time for all congeners (Figure 4.1A). However, for some congeners, the increase in signal 
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intensity was linearly proportional to accumulation time, whereas for others, the signal increased 
linearly until a saturation point (around 100 ms). At first, this contrasting trend was not expected since 
equal amounts of the different congeners were injected on the system (20 pg each).  

 

 

 
Figure 4.1: (A) Signal intensity (upper plots) and TIMS resolving power (lower plots) versus accumula;on ;me for five 

different PBDE standards in posi;ve mode. (B) Total signal intensity (TIC) versus GC oven temperature. The elu;on 
temperature of the five PBDE standards is indicated by the corresponding arrows. The series of intense peaks throughout 

the chromatogram corresponds to artefacts peaks that originate from impuri;es within the GC system (injector, caps, septa 
etc.). 

After further examination of the data, it was found that the extent of signal saturation correlated well 
with the retention time: the higher the retention time, the stronger the saturation effect (Figure 4.1B). 
Based on this observation, we hypothesize that the onset of a saturation point for later eluting 
compounds could be due to the increase in GC column bleed at higher temperature. Indeed, as can 
be seen in Figure 4.1B, the background signal from siloxanes ions started to increase significantly 
around 250°C. Such an increase in the total number of ions could gradually lead to the saturation of 
the TIMS cell which would then reduce the trapping efficiency of the PBDE ions, accounting for the 
behavior observed in this experiment.  

To further test this hypothesis, the same experiment was performed in negative APCI mode. Under 
this more selective ionization mode, most siloxane molecules were not ionized and this led to a 100-
fold reduction in the background signal (Figure 4.2B). This time, a linear increase in signal intensity 
with increasing accumulation time was observed for all the congeners, including the late eluting ones, 
strongly supporting our previous hypothesis (Figure 4.2A). However, despite the absence of TIMS cell 
saturation, the absolute signal intensity in negative mode was orders of magnitude lower than in 
positive mode, so this ionization polarity was not further considered in the method development.  
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Figure 4.2: (A) Signal intensity versus accumula;on ;me for the same five PBDE standards in nega;ve mode. (B) Total signal 

intensity (TIC) versus GC oven temperature. The elu;on temperature of the PBDE standards is indicated by the 
corresponding arrows. 

In addition to these observations, it was also noted that when an analyte coeluted with a large amount 
of another matrix constituent, increasing the accumulation time could lead to a decrease in the 
analyte’s signal intensity. Figure 4.3A illustrates this effect in the analysis of tetrachlorobiphenyls 
(TCBs). As shown, the signal intensities of two TCB isomers (TCBs 74 and 77) decreased relative to 
other congeners as accumulation time increased. Both analytes coeluted with a significant amount of 
other compounds, producing several intense ions (m/z 235, 277, 295, 327, and 401, Figure 4.3B). A 
closer examination of the corresponding total ion mobilograms (TIMs) during the elution of TCB 74 
(Figure 4.3C, top spectrum) revealed that its molecular ion signal was strongly interfered with by 
matrix ions, particularly those with m/z 277 and 295, which had similar ion mobility coefficients. These 
strong interfering signals were absent in the TIM of the TCB isomer eluting immediately after TCB 74 
(TCB 70, Figure 4.3C, bottom spectrum), which did not coelute with the aforementioned matrix 
components and showed no decrease in signal intensity with increasing accumulation time. Similar 
observations were made for other PCB congeners (Figure S4.1-S4.3). These results suggest that the 
accumulation of large amounts of interfering ions with ion mobilities similar to that of the analyte 
(thus occupying similar trapping positions in the TIMS tunnel) can reduce the relative signal intensity 
of the analyte as accumulation time increases, likely due to enhanced space charge effects (e.g., ion 
repulsion).  

Concerning fragmentation, it was observed that increased accumulation (and analysis) time generally 
led to higher levels of pre/intra-TIMS fragmentation (Figure 4.4). This could be attributed to the longer 
time available for metastable ions to fragment5, as well as to the increase in internal energy caused 
by space charge effects and field heating during trapping2,6. 



 84 

 

Figure 4.3 – (A) Extracted ion chromatograms (EICs) of a mixture of tetrachlorobiphenyls (TCBs) recorded at different 
accumula;on ;mes. The analysis ;me was fixed at 200 ms. (B) EICs of TCBs and matrix interferences, highligh;ng the 

coelu;on of the laOer with TCB 74, but not with TCB 70. (C) Total ion mobilograms (TIMs) generated during the elu;on 
windows of TCB 74 (top) and TCB 70 (boOom). Peaks corresponding to the intense coelu;ng matrix interference are 

highlighted in dark red. Other peaks in the TIMs are annotated in grey. 
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Figure 4.4 – Ion mobility spectra of precursor ([M+H]+) and fragment ion ([M+H-Cl]+.) of octachlorodibenzo-p-dioxin (OCDD) 
measured at five different combina;ons of accumula;on ;me and analysis ;me (indicated on top of each spectrum). Note 
the significant rela;ve increase in the peak corresponding to pre/intra-TIMS fragmenta;on of OCDD with increasing total 

separa;on ;me. 

Overall, the different experiments suggest that in positive APCI mode, an accumulation time above 50 
ms and below 100 ms usually represents an optimal balance between sensitivity (signal intensity) and 
selectivity (resolving power) for must purposes. Indeed, for most analytes, increasing the 
accumulation time above this value will not result in any increase in the signal intensity due to the 
outbreak of a saturation effect. Moreover, it will decrease the resolving power due to increased space 
charge effects within the TIMS cell and lead to a higher level of fragmentation.  

However, for the targeted analysis of compounds present at very low level, we still recommend using 
an accumulation time that is as close as possible to the analysis time (i.e., a high duty cycle).  This is 
because we observed that for compounds injected in very low amounts, the signal quality was 
somewhat better at higher duty cycle (Figure S4.4), thus ensuring more accurate peak integrations 
(see next chapter). Moreover, we also suggest setting an accumulation time that is not too low, 
otherwise compounds present at trace level might not be detected (Figure S4.5).   

Finally, one should mention that the option of the ion charge control (ICC) was also investigated. When 
enabled, this mode automatically adjusts the accumulation time according to the total signal intensity 
in order to avoid overloading of the TIMS cell and ensuing space charge effects. However, we observed 
that due to the intense background signal from the GC column bleed, with ICC set to the 
recommended target value (7.5 MiO), the accumulation time was forced to decrease to very low 
values (<20 ms) when the bleeding of the column increased at higher temperature (Figure S4.6), 
leading to a decrease in the sensitivity for late eluting analytes7. Thus, while being an interesting 
option for some applications, we do not recommend the use of ICC for GC-hyphenated applications.  

B.  Funnel 1 RF voltage 
 
During a TIMS experiment, radial migra=on of ions toward the electrodes is prevented by applying 
radial confining radio frequency (RF) voltages. The higher this voltage (technically referred to as the 
"Funnel 1 RF voltage") the greater the ion confinement toward the center of the cell4,8 (Figure A4, 
Appendix A). 
 
On our system, peak-to-peak voltages (Vpp) between 150 and 250 volts transmiOed all PBDE congeners 
with similar efficiency (Figure 4.5, leq panel). However, at lower voltage (100 Vpp), a decrease in the 



 86 

transmission of all ions was observed, likely due to insufficient ion confinement. Conversely, at higher 
voltages (300 and 350 Vpp), a significant drop in the transmission efficiency of lower-mass ions (Di- and 
TriBDEs) was noted, possibly due to reduced stability of low m/z ions under high RF voltage9. 
Importantly, no significant effect on ion fragmenta=on was observed (Figure 4.5, right panel). 
 

 
Figure 4.5 – Impact of funnel 1 RF voltage on ion transmission (le^ panel) and fragmenta;on (right panel). For the 

assessment of signal intensity, areas were normalized to the signal obtained at 200 Vpp. Fragmenta;on extent represents 
the average fragmenta;on of the protonated ion [M+H]+ of five PCDD compounds with different chlorina;on degree. 

In terms of resolving power, different behaviors were observed depending on the ions’ mass. For lower 
m/z ions (di- to tetra-BDEs), a slight and gradual decrease in resolving power was observed as the RF 
voltage increased (Figure 4.6A). For higher m/z ions (penta- to hepta-BDEs), a pronounced drop in 
resolving power occurred at lower RF voltages (Figure 4.6B). 

 
Figure 4.6 – Average ion mobility resolving power of (A) lower mass PBDEs and (B) higher mass PBDEs analyzed at different 

funnel 1 RF voltages.  

The trend observed for low m/z ions could be explained by the fact that charged molecules cannot be 
concentrated indefinitely within a confined space. Thus, when the confining voltages is too high, the 
ion cloud has no other choice but to spread out in the axial direc=on, resul=ng in slightly broader ion 
mobility peaks and thus, lower resolving powers4 (Figure 4.7). 
 
In contrast, the drop in resolving power for high m/z ions at lower RF voltages can be aOributed to the 
parabolic gas velocity profile within the TIMS cell. Ions near the central axis experience higher gas 
veloci=es than those closer to the cell walls. As a result, ions not =ghtly confined to the center are 
trapped at slightly lower axial electric field (i.e., at a posi=on slightly closer to the tunnel entrance) 
than those near the axis, producing a leq-sided tailing of the mobility peaks10 (Figure 4.7). Since higher 
m/z ions tend to be less well-confined at a given RF voltage3, they are more suscep=ble to this tailing 
effect and, thus, to reduced resolving power when confinement is insufficient. 
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Figure 4.7 – Summary of the impact of RF voltage on the IM resolving power of PBDEs of varying masses. The ion mobility 
spectra of PBDEs 15, 47, and 154 are shown as examples to illustrate these effects. The figures on the right schema;cally 
represent the different forces involved and their influence on the spa;al distribu;on of the ion cloud at different RF field 

strengths. 

For POPs applica=ons, an RF voltage between 150 V and 250 V therefore appears to be the most 
suitable, as this intermediate range offers a good trade-off between ion transmission and resolving 
power for a broad range of m/z values. 
 
C.  TIMS cell DC voltages 
 
To transmit ions into and through the TIMS cell, several DC voltages are applied. Three key voltages 
are (Figure A4, Appendix A): 

- D3 voltage: the poten=al difference between the deflec=on plate and the entrance funnel, 
which deflects ions from the capillary transfer into the TIMS cell. 

- D4 voltage: the poten=al difference across the entrance funnel, which pushes ions toward 
the TIMS tunnel. 

- D6 voltage: the poten=al difference between the accumula=on and analyzer regions of the 
TIMS tunnel, responsible for transmiSng ions into the analyzer aqer the accumula=on 
period. 

 
Overall, increasing the D3 and D4 voltages led to a significant improvement in ion transmission (Figures 
4.8A and B, leq panels). In contrast, D6 voltage showed consistent transmission efficiency across its 
range of tested values (Figure 4.8C, leq panel). However, the enhanced transmission at higher D3 
voltages was accompanied by a slight increase in pre/intra-TIMS fragmenta=on6,11 (Figure 4.8A, right 
panel). A similar increase in fragmenta=on was observed for D6, but only at the highest voltages (Figure 
4.8C, right panel), consistent with a previous report6. In contrast, D4 had no apparent effect on 
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fragmenta=on (Figure 4.8B, right panel). Therefore, to op=mize ion transmission while minimizing ion 
hea=ng, a combina=on of intermediate D3 (e.g., 50 V), high D4 (e.g., 100 V) and low to intermediate 
D6 (e.g., 20 V) appears suitable for the analysis of POPs. 

 
Figure 4.8 – Impact of TIMS cell voltages D3 (A), D4 (B), and D6 (C) on ion transmission (le^ panels) and fragmenta;on 

(right panels). For the assessment of signal intensity, areas were normalized to the signal obtained at 50 V. Fragmenta;on 
extent represents the average fragmenta;on of the protonated ion [M+H]+ of five PCDD compounds with different 

chlorina;on degree. 

D.  Quadrupole and collision cell energy 
 
Similar to the DC voltages applied in the TIMS cell, quadrupole and collision* voltages are used to 
transmit ions toward the TOF analyzer aqer elu=on from the TIMS cell (Figure A4, Appendix A). 

 
* Note that a DC voltage is applied at the entrance of the collision cell even when tandem MS is not performed. In MS/MS 
mode, this voltage is substan;ally increased to promote fragmenta;on through collisions with the collision gas (N2). 
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Increasing the energy of transfer led to improved ion transmission up to a plateau (around 10 eV for 
both parameters, Figures 4.9A and B, leq panels). As expected, higher energy of transfer also caused 
a significant increase in post-TIMS fragmenta=on (Figure 4.9A and B, right panels). Intermediate values 
(e.g., 8-9 eV) provide a good compromise between ion transmission and fragmenta=on. 
 

 
Figure 4.9 – Impact of quadrupole (A) and collision cell energy (B) on ion transmission (le^ panels) and fragmenta;on (right 
panels). For the assessment of signal intensity, areas were normalized to the signal obtained at 10 eV. Fragmenta;on extent 

represents the average fragmenta;on of the protonated ion [M+H]+ of five PCDD compounds with different chlorina;on 
degree. 

 

E.  Collision cell in 
 
The 'collision cell in' parameter corresponds to an axial electric field gradient applied throughout the 
collision cell to accelerate ion transit through the cell12 (Figure A4, Appendix A). This parameter was 
found to significantly impact TIMS separa=on performance: 

- Ion transmission (Figure 4.10A): Higher voltages enhanced the transmission of higher m/z 
ions while reducing that of lower m/z ions, and vice versa. 

- Fragmenta=on (Figure 4.10B): Higher voltages led to a significant decrease in post-TIMS 
fragmenta=on, likely due to the reduced residence =me of ions in the collision cell. 

- Resolving power (Figure 4.10C): At lower voltages, ion mobility peaks showed pronounced 
tailing on the leq side, possibly due to inefficient ion extrac=on from the collision cell, 
resul=ng in axial spreading of the mobility resolved ion clouds3. 

 
Overall, these findings indicate that the 'collision cell in' voltage must be sufficiently high to ensure 
effec=ve ion extrac=on. A voltage in the range of 200-250 V achieves this while maintaining adequate 
transmission of both low and high m/z ions. 
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Figure 4.10 – Impact of collision cell in on ion transmission (A), fragmenta;on (B) and resolving power (C). For the 

assessment of signal intensity, areas were normalized to the signal obtained at 150 V. Fragmenta;on extent represents the 
average fragmenta;on of the protonated ion [M+H]+ of five PCDD compounds with different chlorina;on degree. 

 

4.2.2  - Strategies for enhancing ion mobility resolving power in TIMS 
 
Over the past decade, significant improvements have been made in the separa=on capability of IMS 
instruments13,14. While the resolving power (Rp) values of most commercially available IM-MS 
platorms rarely exceed 8015, state-of-the-art IM technologies, such as trapped ion mobility 
spectrometry (TIMS)16, cyclic traveling wave ion mobility spectrometry (cTWIMS)17 and structure for 
lossless ion manipula=on (SLIM)18 platorms, have demonstrated Rp values well over 200. These high 
resolving powers significantly improve overall separa=on capability13.  
 
However, achieving such high resolving powers in TIMS requires extended IM separa=on =mes and/or 
IM analysis over a restricted ion mobility range13, posing serious challenges for IM-MS applica=ons 
that involve front-end chromatography to analyze compounds characterized by a broad range of CCS 
values in complex samples. For instance, while high resolving powers in the range of 150−400 have 
been achieved for singly charged ions in direct infusion mode19, Rp values below 100 have been more 
commonly reported for LC20–22 and GC-TIMS-MS applica=ons23.  
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In TIMS, the resolving power has been shown theore=cally and experimentally to depend mainly on 
the ramp speed βv (i.e., the rate at which the voltage is decreased during the elu=on step, see Appendix 
B) and the driq gas velocity vg8–10, as shown in a simplified form in the following equa=on: 
 

!! ∝	
$"
%&#!  

 

(4.1) 

Other experimental parameters that also significantly impact the resolving power and require careful 
op=miza=on are the RF confinement amplitude (Sec=on 4.2.1B) and the ion density at the posi=on of 
trapping (i.e., the number of ions accumulated in the TIMS analyzer, Sec=on 4.2.1A).  
 
This sec=on describes how op=mizing buffer gas velocity, ion accumula=on, and scan rate can further 
enhance ion mobility resolving power. 
 
A.  Buffer gas velocity 
 
In prac=ce, changes in buffer gas velocity are achieved by adjus=ng the entrance pressure of the TIMS 
tunnel (pent, Sec=on 3.2.1A) using a buOerfly valve4. Since driq gas velocity is directly propor=onal to 
entrance pressure, increasing pent increases the gas velocity24. 
 
While increasing gas velocity can greatly improve resolving power, it can also lead to complica=ons at 
higher flow rates, as reported in the literature24. As a result, gas velocity is typically kept at the default 
value set by the manufacturer (such that the detec=on voltage of the protonated ion of hexakis(2,2-
difluoroethoxy)phosphazine, one of the compound of the Agilent ESI tune mix calibrant, equals 132 ± 
1 V). This corresponds to an entrance pressure near 2.55 mBar. 
 
As discussed in the previous chapter (Sec=on 3.2.1A), replacing the ESI source with the GC-APCI source 
led to a reduc=on in pent (to ~2.4 mBar), thereby decreasing gas velocity (vg) and reducing resolving 
power compared to standard ESI condi=ons. To address this, the effect of increasing pent (up to 3.4 
mBar) on TIMS performance (resolving power, ion transmission, ion mobility values, and 
fragmenta=on) was assessed using a PBDE mixture. As shown in Figure 4.11A, resolving power 
increased linearly with pent, consistent with equa=on 4.1. Importantly, this improvement did not affect 
ion transmission (Figure 4.11B) or rela=ve ion mobility values (linear regressions between calibrated 
1/K0 at 2.4 mBar and non-calibrated 1/K0 at higher pressures yielded strong correla=ons, Figure 4.11C). 
Addi=onally, pre/intra-TIMS fragmenta=on appeared to decrease slightly with increasing pressure 
(Figure 4.11D), likely due to enhanced collisional cooling and reduced internal energy, as previously 
suggested by Naylor et al25. 
 
These findings indicate that, for POPs, TIMS resolving power can be enhanced by opera=ng at entrance 
pressures higher than those recommended by the manufacturer, without compromising overall 
separa=on performance. 
 
B.  Number of ions accumulated 
 
The impact of ion charge density on resolving power has generally not been considered in the various 
theore=cal models developed to relate resolving power to key experimental parameters in TIMS19–21. 
However, in prac=ce, we observed that the number of ions trapped within the TIMS tunnel had a 
substan=al influence on resolving power. This effect stems from axial spreading of the radially confined 
ion cloud when ion density becomes excessive, resul=ng in Coulombic repulsion and broadening of ion 
mobility peaks (Sec=on 4.2.1A). 
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Figure 4.11 – Impact of entrance TIMS tunnel pressure on resolving power (A), ion transmission (B), ion mobility 

measurement (C), and fragmenta;on (D) of PBDEs. For the assessment of signal intensity, areas were normalized to the 
signal obtained at 3 mBar. 

To maximize resolving power, it is therefore important to minimize ion density by controlling the 
number of ions entering the TIMS cell. This can be achieved by adjus=ng the accumula=on =me 
(Sec=on 4.2.1A). However, the number of ions trapped also strongly depends on the ion concentra=on 
in the incoming ion beam from the source. The amount of analyte injected into the GC-TIMS-MS 
system was  indeed found to have a pronounced effect on resolving power (Figure 4.12). Therefore, to 
achieve op=mal resolving powers, we advise injec=ng dilute samples whenever possible, without 
compromising the dynamic range. 
 
C.  Scan rate b 
 
Adjus=ng the ramp speed is the primary means of fine-tuning the resolving power to meet the needs 
of a par=cular TIMS applica=on. This flexibility is enabled by the unique ‘trap and release’ scheme of 
the TIMS experiment, which allows ions within a selected mobility range to be selec=vely trapped and 
mobility analyzed for a user-defined =me. This remarkable feature enables the use of shorter ion 
mobility ranges (ΔVtrap) and/or longer analysis =mes (tramp) to achieve decreased ramp speeds (βv = 
ΔVtrap/tramp) and increased resolving powers for the analytes of interest8  (as described in equa=on 4.1). 
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Figure 4.12  - (A) Ion mobility spectra of a tetrabromo diphenylether standard (TBDE 49) analysed in increasing amounts. 

(B) Corresponding plot of resolving power versus injected quan;ty demonstra;ng a significant trend of decreasing resolving 
power with increasing injected quan;ty. 

 
While the flexibility of TIMS to tune the separa=on efficiency allows the achievement of high resolving 
power by seSng a combina=on of long analysis =me and short ion mobility range19–21, the use of slow 
scan rate is compromised when (1) rela=vely fast coupling front end separa=on techniques, such as 
liquid and, specifically, gas chromatography, prevent the use of arbitrarily long analysis =me (2) target 
analytes possess a broad range of CCS values, requiring the use of an extended ion mobility range. 
 
For instance, for the GC-TIMS-MS analysis of a mixture of 174 POPs standards representa=ve of a 
complex sample, the chromatographic peaks had a baseline elu=on width of about 4 s, which limited 
the maximum analysis =me to approximately 350 ms in order to ensure adequate sampling of each 
peak (about 11 TIMS separa=ons per peak, Figure S4.7). Addi=onally, the compounds of interest 
displayed a wide range of CCS values, from as low as 133 Å2 (for 2-chlorobiphenyl, a singly chlorinated 
biphenyl) to as high as 200 Å2 (for the decabrominated biphenyl PBB 209), requiring a minimum 
trapping voltage range (ΔVtrap) of 51 V. Under these constraints, the analysis of the POPs mix achieved 
an average resolving power of 100 (average CCSfwhm 1.7 Å2), as shown in Figure 4.13A. This is 
comparable to the Rp obtained in other TIMS studies using a similar scan rate22,23 (βv = 51/0.350 = 145 
V/s) and already higher than most Rp values reported for DTIMS and linear TWIMS instruments for 
these types of compounds26,27. 
 
Concept of ‘SWIM’ 
 
Principle 
 
As discussed in the previous sec=on, the diverse range of CCS values displayed by the different POP 
classes required the use of a rela=vely wide ion mobility range (ΔVtrap = 51 V). However, upon 
examina=on of the ion mobility versus reten=on =me profiles of halogenated POPs (Figure 4.13B), it 
becomes clear that the use of such a broad and fixed ion mobility range throughout the 
chromatographic separa=on (“standard TIMS mode”, blue rectangle) does not efficiently trap and 
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analyze the compounds of interest. Indeed, as depicted in the figure, the analytes tend to elute in an 
orderly, rather than random, manner, from higher ion mobili=es (low CCS) to lower ion mobili=es (high 
CCS), such that at any given reten=on =me, the compounds of interest that elute from the GC column 
and enter the TIMS cell are characterized by a range of ion mobili=es that is only a small frac=on of 
the total ion mobility range actually covered by all these pollutants. Consequently, a significant por=on 
of a given TIMS scan, and thus valuable analy=cal effort, is spent analyzing ion mobility regions that 
do not contain the targeted analytes (shaded areas), thus limi=ng the achievable resolving power. 
 

 
Figure 4.13 - (A) Comparison of the individual IM resolving power of POPs (n=174) achieved in standard (blue dots) and 

SWIM mode (yellow dots). (B)(C) Experimentally measured reduced ion mobility values K0 of POPs as a func;on of their GC 
reten;on ;me. In panel (B), the constant ion mobility range (between 1.00 and 1.66 cm2/V.s) that was used throughout the 
gas chromatographic separa;on in standard mode is represented by the blue rectangle. The doOed curves have been added 

to highlight the observed trend of decreasing ion mobili;es with increasing reten;on ;mes. In panel (C), the 19 “ion 
mobility windows” that were used in SWIM mode are represented by the yellow rectangles. 

 
The clear correla=on of decreasing ion mobili=es with increasing reten=on =mes observed in Figure 
4.13B can be aOributed to the rela=onship between the halogena=on degree and both reten=on =me 
and CCS in halogenated compounds. Specifically, as the degree of halogena=on increases, so do the 
boiling point (RT) and size (CCS) of the compounds (Figure 4.14). As a result, compounds with lower 
halogena=on degrees, characterized by lower CCS values, tend to elute before those with higher 
degrees of halogena=on and higher CCS values. 
 
Based on these correla=ons, we developed the concept of sliding windows in ion mobility (SWIM), 
which is depicted in Figure 4.13C. The ra=onale of SWIM is to divide the total analysis =me of the GC 
run into small reten=on =me segments that are each configured to trap and analyze ions within a 
narrow range of ion mobili=es that effec=vely match those of the compounds of interest elu=ng during 
that =me window. Technically, this can be achieved since in TIMS, the voltages on the different 
electrodes of the tunnel can be independently adjusted for each reten=on =me segment in order to 
only trap and separate ions with the desired range of ion mobili=es28. We refer to these narrow ion 
mobility ranges as ‘ion mobility windows’ that ‘slide’ and adapt to the elu=on profile of the targeted 
analytes throughout the gas chromatographic analysis, hence the name of the concept.  
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Figure 4.14 –  Rela;onship between halogena;on degree and GC reten;on ;me (A) and CCS (B). For a given type of POP, 
we observe an overall increase in both reten;on ;mes and CCS with increasing number of halogen subsituents, due to the 

concomitent increase in boiling point and molecular size, respec;vely. 

 
By using narrower IM ranges at a =me, the scan rate is decreased, thereby enhancing the separa=on 
power8. This is indeed what was observed experimentally on the mixture of halogenated POPs. Based 
on the ion mobility vs reten=on =me profile of these compounds, the GC run was divided into 19 
segments, each op=mized to selec=vely separate the ions of interest (Figure 4.13C and Table S4.1). 
The first IM windows were set to selec=vely analyze the more vola=le and lower CCS pollutants. Then, 
they were set to gradually analyze the higher boiling points and higher CCS compounds. This ‘SWIM 
mode’ enabled a nearly 4-fold decrease in the scan rate (40 V/s, with ΔVtrap = 14 V and tramp = 350 ms) 
compared to the tradi=onal ‘standard mode’, which used a wider and fixed ion mobility range. This 
resulted in a ~40% increase in the average resolving power (on the order of 138, average CCSfwhm 1.2 
Å2, Figure 4.13A). Moreover, this result is consistent to the expected ~40% enhancement in Rp based 
on theory and equa=on 4.1 for such a decrease in scan rate (Rp SWIM/Rp Std ≃ %145/40! 	= 1.4). 
Importantly, the SWIM method did not affect the accuracy of the experimentally measured CCS values 
(average absolute ΔCCS of 0.07%, Figure S4.8) or the signal intensity (Figure S4.9) compared to that of 
the standard mode of opera=on. 
 
Interes=ngly, the concept of segrega=ng the chromatographic analysis into several reten=on =me 
segments shares similari=es with the chromatographic segments commonly employed for the single 
ion monitoring (SIM) and mul=ple reac=on monitoring (MRM) of POPs such as dioxins and PCBs on 
“high” resolu=on magne=c sector29 and triple quadrupole mass spectrometers30, respec=vely. 
However, while in these methods, the different chromatographic segments are configured to isolate 
ions based on their m/z ra=o, in SWIM, they are configured to isolate ions based on their ion mobili=es 
(i.e., CCS), regardless of their mass. Furthermore, it is worth no=ng that that the concept of scanning 
the ion mobility range of interest in TIMS using narrow ranges of trapping voltages has been previously 
inves=gated with the oversampling accumula=on (OSA)31 and gated TIMS32 modes of opera=on. These 
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modes employ small elu=on steps and nonlinear scans to selec=vely transmit ions of narrow ion 
mobility range at a =me. Both types of experiments were developed to allow the hybridiza=on of TIMS 
with slow mass analyzing FT-ICR instruments. Overall, the present SWIM concept can therefore be 
thought of as a hybrid method that incorporates both the concepts of chromatographic segments in 
GC-HRMS and GC-QqQ and scanned trapping IM range in OSA and gated TIMS. However, it should be 
men=oned that the ion mobility windows in SWIM differ from those used in parallel accumula=on-
serial fragmenta=on (PASEF) methods33–35 in that they are based on the isola=on of a narrow range of 
ion mobility during a given chromatographic reten=on =me whereas those in PASEF are based on the 
isola=on of a narrow m/z range during a given ion mobility “elu=on =me”. 
 
Selec=vity improvement 
 
Although most pollutants in the standard POPs mixture were fully resolved in the GC and/or m/z 
dimensions (78%), we observed a considerable frac=on of coelu=ng or par=ally coelu=ng isobars and 
isomers (10% and 12%, respec=vely). 
 
One notable example of such coelu=on was observed with the par=ally coelu=ng isomeric PeCBs (84, 
90, and 101, m/z = 325.8799) and the isobaric DiBDF (2,4-DiBDF, m/z = 325.8760), as shown in Figure 
4.15A. The small mass difference (Δm/z = 3.9×10−3 Da) between these species required a mass 
resolving power on the order of 84 000 to achieve complete resolu=on in the m/z dimension. However, 
the resolving power of the TOF spectrometer (~50 000) was not sufficient to achieve this separa=on. 
Consequently, none of the four species could be fully resolved in either the GC or the m/z dimension 
in this specific case. 
 

 
Figure 4.15 – (A) GC chromatogram of pentachloro biphenyls (PeCBs) and dibromodibenzofuran (DiBDFs) highligh;ng the 

(par;al) coelu;on of PeCBs 84, 90, 101 (isomers) and 2,4-DiBDF (isobar). (B) Corresponding ion mobility spectra in standard 
mode (upper spectrum) and SWIM mode (lower spectrum). 

 
However, the ion mobility dimension provided addi=onal separa=on, as depicted in Figure 4.15B. In 
standard mode (upper mobility spectrum), the radical M+. ion of the dibromo-subs=tuted furan was 
clearly dis=nguished from the three isomeric pentachloro subs=tuted biphenyls due to the notable 
differences in halogena=on degree (2 bromine vs 5 chlorine atoms), which resulted in considerable 
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differences in CCS (>7%). On the other hand, for the three isomeric PCBs, only par=al separa=on was 
achieved between the par=ally coelu=ng PeCB 84 and PeCBs 90−101, while no dis=nc=on was noted 
for the laOer isomeric pair (that perfectly coeluted in the GC dimension). However, in SWIM mode 
(lower mobility spectrum in Figure 4.15B), baseline separa=on of PeCB 84 from PeCBs 90−101 was 
achieved, owing to the increased separa=on efficiency provided by this method. Figure S4.10 provides 
another example of the selec=vity improvement offered by the higher resolu=on of the SWIM mode 
compared to the standard mode.  
 

4.3  - Conclusion 
 
This chapter highlighted the cri=cal influence of mul=ple instrumental parameters on the performance 
of the TIMS analyzer, par=cularly in terms of resolving power, ion transmission, and fragmenta=on. As 
is usually the case when op=mizing an analy=cal system, a fine balance between several 
interdependent parameters must be found, and no single set of condi=ons is ideal for all applica=ons. 
For example, the accumula=on =me emerged as a par=cularly sensi=ve parameter, requiring a 
compromise between maximizing sensi=vity and minimizing space charge effects such as peak 
broadening. The guidelines established in this chapter offer a robust founda=on for tailoring method 
parameters to specific analy=cal goals. 
 
Furthermore, by leveraging the trends in CCS versus reten=on =me to dynamically adapt the mobility 
range during chromatographic separa=on, the novel sliding windows in ion mobility (SWIM) approach 
introduced in this chapter addresses key limita=ons of complex sample analysis, where broad ion 
mobility coverage and short analysis =mes are both cri=cal. This targeted yet flexible strategy enhances 
resolving power and method selec=vity without sacrificing sensi=vity or CCS accuracy and holds strong 
poten=al for extending to other compound classes and separa=on techniques. 
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4.5  - Suppor,ng informa,on 
FIGURES 
 

 
Figure S4.1 – (A) Extracted ion chromatograms (EICs) of a mixture of pentachlorobiphenyls (PeCBs) recorded at different 
accumula;on ;mes. The analysis ;me was fixed at 200 ms. (B) Total ion mobilogram (TIM) generated during the elu;on 

windows of PeCB 110. Peaks corresponding to the intense coelu;ng matrix interference are highlighted in dark red. Other 
peaks in the TIMs are annotated in grey 

 
Figure S4.2 – (A) Extracted ion chromatograms (EICs) of a mixture of heptachlorobiphenyls (HpCBs) recorded at different 
accumula;on ;mes. The analysis ;me was fixed at 200 ms. (B) Total ion mobilogram (TIM) generated during the elu;on 

windows of HpCB 171. Peaks corresponding to the intense coelu;ng matrix interference are highlighted in dark red. Other 
peaks in the TIMs are annotated in grey.  
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Figure S4.3 – (A) Extracted ion chromatograms (EICs) of a mixture of octachlorobiphenyls (OCBs) recorded at different 
accumula;on ;mes. The analysis ;me was fixed at 200 ms. (B) Total ion mobilogram (TIM) generated during the elu;on 

windows of OCB 194. Peaks corresponding to the intense coelu;ng matrix interference are highlighted in dark red. Other 
peaks in the TIMs are annotated in grey. Interes;ngly, in this case, the interfering ion appears to be the siloxane ion at m/z 

415 rather than one of the five coelu;ng ionic species highlighted in dark red. While this siloxane ion was present 
throughout the GC chromatographic run due to column bleed, it was par;cularly intense at the reten;on ;me of OCB 194. 
This may be due to addi;onal contribu;ons from impuri;es within the GC system (e.g., injector, caps, septa), beyond those 

from the column itself. 

 
 
 

 
Figure S4.4 –Extracted ion chromatogram (EIC) comparison at low (37%) and high (100%) duty cycle for (A) 

pentachlorobiphenyls (PeCBs) present in high abundance, and (B) a tribromodiphenyl ether (TriBDE) present at trace levels. 
While the chromatograms in (A) are nearly iden;cal, the high duty cycle chromatogram in (B) appears to be of slightly 

beOer quality than the one acquired at low duty cycle. 
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Figure S4.5 – Extracted ion chromatograms (EICs) from the analysis of a low amount (~100 fg) of 2,3,7,8-TCDD at different 

accumula;on ;mes. The analysis ;me was fixed at 200 ms. 

 
 
 
 

 
Figure S4.6 - Accumula;on ;me versus reten;on ;me and GC oven temperature in ICC mode (7.5 MiO). As can be seen in 
this figure, the accumula;on ;me already drops to ∼60 ms at the start of the GC separa;on (T=140°C). Between 200 and 

250°C, the accumula;on ;me varies between 20 and 50 ms. Above 250°C, it drops below 20 ms and reaches ∼10 ms at the 
end of the separa;on. 
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Figure S4.7 –  Varia;on of the chromatographic sampling rate of two tetra PCBs (77 and 81) as a func;on of the TIMS 

analysis ;me. Each black point corresponds to a single TIMS separa;on. 

 

 
 

Figure S4.8 –  Percentage difference in the measured CCS of the 174 POP standards between the standard and the SWIM 
mode. 
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Figure S4.9 – Overlaid extracted ion chromatograms of the 174 POPs in standard (upper chromatogram) and SWIM (lower 
chromatogram) modes. Overall, signal intensity is of the same order of magnitude in both modes. 

 
 

 

Figure S4.10 – Ion mobility spectra in standard mode (upper spectrum) and SWIM mode (lower spectrum) of two par;ally 
coelu;ng hexachlorobiphenyl isomers (HxCBs). While the two isomers were not completely resolved in the standard mode, 

a perfect baseline separa;on was obtained in the SWIM mode. 
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Figure S4.11 – Reduced ion mobility vs reten;on ;me plot of a mixture of saturated and (poly)unsaturated faOy acid methyl 
esters (FAMEs) from C11 to C25 analyzed by GC-TIMS-MS. 

 
TABLES 
 
Table S4.1: Op;mized ion mobility windows for the 174 POPs in SWIM mode. 

 

  
IM windows RT segments (sec) Analysis range 

(K0) 
Analysis range 

(1/K0) 
1 0 – 400  1.67 – 1.41 0.60 – 0.71 
2 400 - 525 1.59 – 1.35 0.63 – 0.74 
3 525 - 651 1.45 – 1.25 0.69 – 0.80 
4 641 - 704 1.41 – 1.22 0.71 – 0.82 
5 704 - 748 1.37 – 1.19 0.73 – 0.84 
6 748 - 796 1.35 – 1.18 0.74 – 0.85 
7 796 - 805 1.33 – 1.16 0.75 – 0.86 
8 805 - 815 1.32 – 1.15 0.76 – 0.87 
9 815 - 822 1.37 – 1.19 0.73 – 0.84 

10 822 - 856 1.33 – 1.16 0.75 – 0.86 
11 856 - 888 1.32 – 1.15 0.76 – 0.87 
12 888 - 920 1.28 – 1.12 0.78 – 0.89 
13 920 - 948 1.30 – 1.14 0.77 – 0.88 
14 948 - 979 1.28 – 1.12 0.78 – 0.89 
15 979 - 1020 1.23 – 1.09 0.81 – 0.92 
16 1020 - 1030 1.25 – 1.10 0.80 – 0.91 
17 1030 - 1140 1.23 – 1.09 0.81 – 0.92 
18 1140 - 1276 1.18 – 1.04 0.85 – 0.96 
19 1276 - 2280 1.12 – 1.00 0.89 – 1.00 
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In the field of contaminants and pollutants analysis, the interest in IM-MS pla9orms is emerging and 
has been growing significantly in the last 5 years (Sec?on 1.3.5). Indeed, several recent studies have 
demonstrated the poten?al of IM as powerful addi?onal technique to improve the analysis of both 
legacy and emerging contaminants1,2. However, while such applica?ons have been mainly qualita?ve 
approaches, quan?ta?ve applica?ons for pollutant compounds have been compara?vely scarce. 
 
Interes?ngly, some of the earliest reports of quan?ta?ve IM-MS applica?ons, across all research fields, 
dated back to 1999-2000.  Theses pioneers studies, conducted by the group of Guevremont, focused 
on the targeted analysis of disinfec?on by products (DBPs) such as perchlorate in water using a 
homebuilt FAIMS device hyphenated to a commercial LC-quadrupole3–5. Since then, only a few works 
have focused on the targeted analysis of contaminants such as per- and polyfluoroalkyl substances 
(PFAS)6, organic micropollutants (OMPs)7, hydroxylated polychlorobiphenyls (PCBs)8, non-inten?onally 
added substances (NIAS)9, pes?cides10 and veterinary drug residues11 have been published. Moreover, 
while promising preliminary quan?ta?ve performance results have been reported in these studies, a 
thorough valida?on of the performances of current IM-MS instrumenta?on for the quan?ta?ve 
analysis of trace contaminants, comparable to the efforts undertaken for other classes of small 
compounds such as metabolites12–16, remains lacking. 
 
To address this gap, the present chapter aimed at thoroughly evalua?ng the capabili?es of a modern 
commercially available IM-MS instrument (?msTOF pro 2 from Bruker) to accurately quan?fy trace 
amounts of well-known legacy contaminants, the dioxins and the PCBs, in food samples. Three fat 
samples (fish oil, palm oil and milk fat) from proficiency tests (PTs) were analyzed on a GC-APCI-TIMS-
MS device. AZer method op?miza?on, analy?cal performance was assessed in accordance with 
Commission Regula?on (EU) 2017/644 and compared with the reference confirmatory method for 
dioxins and PCBs, the GC–EI–sector HRMS. Addi?onally, the benefits of incorpora?ng ion mobility in 
terms of specificity and peak capacity were evaluated in the context of dioxin and PCB analysis and are 
discussed in the final sec?on of this chapter. 
 

5.1  - Materials and methods 
 
5.1.1  - Chemicals 
 
All congeners of PCDD/Fs (the seventeen 2,3,7,8-subs?tuted), non-ortho (NO-)PCBs (PCBs 77, 81, 126, 
169), mono-ortho (MO-)PCBs (PCBs 105, 114, 118, 123, 156, 157, 167, 189) and non-dioxin like (NDL) 
indicator PCBs (PCBs 28, 52, 101, 138, 153, 180) were quan?tated against their own 13C-uniformly 
labeled internal standards according to the isotopic dilu?on method. Na?ve and 13C- labelled standards 
were purchased from Wellington Laboratories (Ontario, Canada). For the calibra?on curves, 6 level 
calibra?on solu?ons were prepared for the PCDD/Fs and the NO-PCBs, 8 for the MO-PCBs and 9 for 
the NDL-PCBs. The detailed concentra?ons for each calibra?on level are given in Tables S5.1. Recovery 
rates were checked with recovery standards (1,2,3,4-TCDD for PCDD/Fs and PCB 80 for PCBs). All 
solvents used were of the highest purity, suitable for the analysis of trace contaminants (Biosolve, 
Dieuze, France). 
 
5.1.2  - Sample prepara3on 
 
The oil fat samples analysed in this study were aliquots of PT samples provided by the European 
Reference Laboratory for Dioxins and PCBs in Food and Feed (EU-RL, Freiburg, Germany). The three 
matrices were fish oil (EURL-PT-DP_1601-HF), palm oil (EURL-PT-DP_1701-PF) and milk fat (EURL-PT-
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DP_1302-MI). These matrices were chosen because they required the same sample prepara?on 
procedure and because their profile and level of contamina?on were different. 
 
The sample prepara?on was performed according to our ISO17025 accredited protocol for the analysis 
of PCDD/Fs and PCBs in foodstuffs. Briefly, each fat samples (2 g for fish oil; 4 g for palm oil and milk 
fat) were dissolved in a mix of 14 mL n-hexane and 1 mL of toluene, spiked with 13C-uniformaly labeled 
internal standards and then loaded on an automated Dextech Heat system (LCTech, Germany) for 
mul?ple column clean-up and frac?ona?on. The samples in hexane were sequen?ally eluted through 
AgNO3, H2SO4, and KOH supported on silica and basic alumina for lipid breakdown and removal of some 
interferences. Then, on an ac?vated carbon column, two frac?ons were collected, a first one with non-
planar congeners (MO- and NDL-PCBs, referred to in this text as the “PCBs frac?on”) and a second one 
with the planar congeners (PCDD/Fs and NO-PCBs, referred to as the “dioxins frac?on”). These 
frac?ons were then transferred to GC vials containing n-Nonane as keeper solvent, evaporated under 
a gentle stream of nitrogen and finally spiked with the recovery standards before analysis. The final 
volumes were 100 and 9 !L for the PCBs and dioxins frac?on, respec?vely. For each matrix, two sets 
of six aliquots were taken and prepared according to the abovemen?oned protocol (one set for GC-
TIMS-TOFMS and the other for GC-sectorHRMS). A total of 10 procedural blanks were also prepared 
in parallel. All the sample prepara?on was performed by qualified and experienced technicians from 
our rou?ne trace contaminants laboratory. 
 
5.1.3  - Instrumenta3on 
 
A.  GC-APCI-TIMS-TOFMS 
 
Measurements were performed on a commercial ?msTOF Pro 2 mass spectrometer (Bruker, Bremen) 
equipped with a Scion 456-GC connected to an atmospheric pressure chemical ioniza?on (APCI) source 
for sample introduc?on and ioniza?on (GC-APCI II, Bruker, Bremen).  
 
Injec?ons were conducted in splitless mode (injec?on temperature 275 °C, 1 μL) for the PCBs frac?on 
(MO- and NDL-PCBs) and in solvent vent PTV mode (injec?on temperature 80 °C, 5 μL)  for the dioxins 
frac?on (PCDD/Fs and NO-PCBs). The GC column was a low polarity Rxi-5Sil MS column (30 m × 0.25 
mm × 0.25 μm, Restek). Helium (grade 6.0, Air Liquide, Belgium) was used as the carrier gas. More 
details about the GC condi?ons are given in Table S5.2. 
 
Analytes were ionized in posi?ve APCI mode and were generated mostly as stable radical molecular 
ions M+., along with a small propor?on of protonated [M+H]+ ions (a detailed list of the ioniza?on 
source parameters used is provided in Table S5.3). 
 
A complete list of the op?mized TIMS parameters used in this study (voltages, pressure, analysis ?mes, 
etc.) is provided in Table S5.4. The accumula?on ?me for the analysis of the PCBs frac?on was set to 
75 ms (corresponding to a duty cycle of 30%) to limit space charge effects (Sec?on 4.2.1A). However, 
for the dioxins frac?on, the accumula?on ?me was set to 250 ms (i.e., 100% duty cycle) to ensure more 
accurate peak integra?ons (Sec?on 4.2.1A). The TIMS separa?ons were performed in SWIM mode17 
(Sec?on 4.2.2C). More details about the applica?on of SWIM to the analysis of both frac?ons are given 
in Figure S5.1. The resolving power achieved varied roughly between 100 and 220 depending on the 
quan?ty of analyte injected (1 to 500 pg). Ion mobility and m/z calibra?on were performed according 
to procedure developed in Sec?on 3.2.1C using siloxane ions from the GC column bleed. The qTOF 
analyzer was operated at 10 kHz in the range m/z 100−1000 in MS only mode (addi?onal parameters 
are provided in Table S5.5).  
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B.  GC-sectorHRMS 
 
Reference measurements were performed on an Autospec sector mass spectrometer (Waters, 
Manchester, UK) coupled to an Agilent 7890 gas chromatograph (Palo-Alto, CA, USA). The GC 
condi?ons were similar to the injec?ons performed on the ?msTOF instrument, with the excep?on of 
the GC columns which were different (a 50m J&W VF-5ms column for the dioxins frac?on and a 25 m 
Trajan HT8 column for the PCBs frac?on). The ioniza?on was performed in electron impact (EI) at 35 
eV.  The mass resolving power was set to 10 000 (10% valley defini?on) in single ion monitoring (SIM) 
mode.  
 
5.1.4  - Data treatment 
 
For the GC-?msTOFMS analysis, data processing was performed using the soZware Data-Analysis 
(Bruker, version 5.3). Two approaches of peak integra?on were considered: quan?ta?on based on the 
areas of the ion mobility peaks or quan?ta?on based on the areas of the IM-filtered chromatographic 
peaks (Figure S5.2). Comparison of the quan?fica?on results revealed that the lawer approach 
provided slightly more reproduc?ble and accurate results, so this method was chosen. Internal 
recalibra?on of both m/z and ion mobili?es was performed aZer each data acquisi?on. Experimentally 
measured ion mobility values were converted to CCS values using the fundamental low-field (Mason-
Schamp) equa?on, with T set arbitrarily to 305 K. Ion mobility resolving powers were calculated using 
the CCS-based defini?on (Rp = CCS/ΔfwhmCCS)18. 
 
For the GC-sectorHRMS analysis, data processing was performed using TargetLynx (Waters, version 
4.1). The chromatographic area of the two most intense isotopologues of the molecular cluster was 
used for quan?fica?on and confirma?on. 

5.2  - Results and discussion 
 

5.2.1  - Quan3ta3ve performances evalua3on of GC-APCI-TIMS-TOF 
 
The assessment of the quanDtaDve performances of our method was performed according to 
protocols and criteria from the European RegulaDon 2017/64419, which states the basic 
requirements that need to be met by analyDcal method for the confirmatory analysis of 
dioxins and PCBs in food. The following criteria were evaluated in this study: linearity, LOQ, 
precision, trueness and measurement uncertainty. They are discussed in the following 
subsecDons. For comparison purposes, the precision, trueness and uncertainty were also 
determined on our validated GC-EI-sectorHRMS instrument. 
 

A.  Linearity and LOQs 
 
Linearity is commonly evaluated using the coefficient of determinaDon (R2). However, in the 
field of dioxin and PCB analysis, where isotope diluDon is the reference quanDficaDon 
approach, a more staDsDcally robust method involves assessing linearity through the precision 
(expressed as RSD) of the relaDve response factor (RRF), calculated at each calibraDon level. 
To determine the linear dynamic range of our method, calibraDon soluDons were analyzed in 
triplicate over three separate days. For each level, the mean RRF was calculated, and the RSD 
(%) of these average RRFs was determined. In accordance with regulatory requirements, the 
RSD must remain below 20% to confirm acceptable linearity. The linear ranges that met this 



 116 

criterion are summarized in Table 5.1 for each analyte, along with the corresponding RSD 
values of the average RRFavg. For most PCDDs and PCDFs, the lowest calibraDon level fell 
outside the linear range and was excluded. Similarly, for MO and NDL PCBs, the first two 
calibraDon points had to be removed to achieve an RSD below 20% (Table S5.1). 
 
Table 5.1: Linearity and LOQs obtained with the GC-APCI-TIMS-TOFMS instrumenta?on for the different analytes.  
 

Analyte RSD 
RRFavg 
(%) 

Linear range 
(pg/!L)	

RSD lowest 
calibra?on 

point (n=3, %) 

Devia?on lowest 
calibra?on point 

compared to 
RRFavg (%) 

iLOQ 
(pg/!L) 

mLOQ (pg/g) 

2g 4g 
2,3,7,8-TCDD 4.9 0.1-10 5.3 -1.2 0.1 0.1 0.05 

1,2,3,7,8-
PeCDD 

4.4 0.1-10 12.4 +7.1 0.1 0.1 0.05 

1,2,3,4,7,8-
HxCDD 

4.4 0.2-20 4.7 -2.1 0.2 0.2 0.1 

1,2,3,6,7,8-
HxCDD 

5.3 0.2-20 12.7 -1.0 0.2 0.2 0.1 

1,2,3,7,8,9-
HxCDD 

4.2 0.2-20 5.2 -2.9 0.2 0.2 0.1 

1,2,3,4,6,7,8-
HpCDD 

4.8 0.2-20 14.2 +6.7 0.2 0.2 0.1 

OCDD 5.0 0.5-50 8.1 -1.8 0.5 0.5 0.25 
 

2,3,7,8-TCDF 3.0 0.1-10 9.9 +3.9 0.1 0.1 0.05 
1,2,3,7,8-
PeCDF 

4.1 0.1-10 4.1 +1.6 0.1 0.1 0.05 

2,3,4,7,8-
PeCDF 

3.7 0.1-10 3.8 -3.1 0.1 0.1 0.05 

1,2,3,4,7,8-
HxCDF 

3.6 0.2-20 9.8 +5.0 0.2 0.2 0.1 

1,2,3,6,7,8-
HxCDF 

2.7 0.2-20 1.8 +1.0 0.2 0.2 0.1 

2,3,4,6,7,8-
HxCDF 

4.0 0.2-20 4.0 -5.9 0.2 0.2 0.1 

1,2,3,7,8,9-
HxCDF 

2.8 0.2-20 2.8 -0.3 0.2 0.2 0.1 

1,2,3,4,6,7,8-
HpCDF 

4.1 0.2-20 4.1 -1.3 0.2 0.2 0.1 

1,2,3,4,7,8,9-
HpCDF 

4.9 0.2-20 14.3 +3.3 0.2 0.2 0.1 

OCDF 4.0 0.5-50 4.0 -2.7 0.5 0.5 0.25 
 

TCB 81 6.3 0.5-20 0.7 +3.7 0.5 2.7 1.35 
TCB 77 5.4 0.5-20 1.8 +5.6 0.5 13.1 6.5 
PeCB 126 2.0 0.5-20 4.7 -0.7 0.5 0.5 0.25 
HxCB 169 5.5 0.5-20 11.0 +1.0 0.5 0.5 0.25 

 
PeCB 123 2.5 4-140 1.2 -1.1 4 5.7 2.85 
PeCB 118 6.5 4-140 10.1 +12.7 4 144 72 
PeCB 114 1.5 4-140 4.9 +1.1 4 4.8 2.4 
PeCB 105 2.5 4-140 9.0 +2.9 4 53.5 26.75 
HxCB 167 3.5 4-140 2.8 -2.7 4 4 2 
HxCB 156 5.6 4-140 5.6 -1.1 4 4.0 2.0 
HxCB 157 2.0 4-140 3.9 -1.4 4 4 2 
HpCB 189 3.1 4-140 4.6 +0.8 4 4 2 

 
TriCB 28 7.8 4-500 4.5 +12.9 4 1299 649.5 
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TCB 52 9.6 4-500 4.5 +18.4 4 2379 1189.5 
PeCB 101 3.0 4-500 1.4 +3.7 4 636 318 
HxCB 153 4.2 4-500 5.8 -2.5 4 121 60.5 
HxCB 138 3.2 4-500 4.3 -2.3 4 68 34 
HpCB 180 4.7 4-500 4.0 -4.9 4 15 7.5 

 
Concerning the limit of quan?fica?on (LOQ), two types were determined in this work: the instrumental 
LOQ (iLOQ) which depends purely on the instrumental performances and the method LOQ (mLOQ) 
which takes into account the blank levels20. The determina?on of the iLOQ was based on the defini?on 
of the LOQ in the regula?on19, where it is stated that it corresponds to “the concentra?on of an analyte 
in the extract of a sample which produces an instrumental response at two different ions to be 
monitored with a S/N (signal/noise) ra?o of 3:1 for the less intensive raw data signal”. Moreover, the 
regula?on specifies that “if for technical reasons the signal-to-noise calcula?on does not provide 
reliable results” the LOQ can be defined as “the lowest concentra?on point on a calibra?on curve that 
gives an acceptable (≤30 %) and consistent (measured at least at the start and at the end of an 
analy?cal series of samples) devia?on to the average rela?ve response factor calculated for all points 
on the calibra?on curve in each series of samples”. While the S/N-based defini?on is commonly used 
with tradi?onal GC-sectorHRMS methods, we found it unsuitable for the GC-TIMS-TOF system. The 
addi?onal ion mobility separa?on effec?vely acts as a noise filter, suppressing background signals to 
such an extent that calcula?ng a representa?ve noise level (and consequently, a reliable signal-to-noise 
ra?o) is no longer feasible (Figure S5.3). A similar limita?on has already been reported for GC-QqQ 
systems20. Therefore, the iLOQ in this work was determined according to the second regulatory 
defini?on. Specifically, it was set as the lowest calibra?on point for which the average RRF, measured 
over three different days, met two criteria: (i) a rela?ve standard devia?on (RSD) ≤ 15%, and (ii) a 
devia?on of less than 30% from the overall average RRF across the en?re calibra?on range. 
 
The resul?ng iLOQs are displayed in Table 5.1. For all analytes, the lowest calibra?on point within the 
linear range sa?sfied both criteria and was thus designated as the iLOQ. These results demonstrate 
that the GC-APCI-TIMS-TOF pla9orm offers sufficient intrinsic sensi?vity to quan?fy analytes at sub-
ppt levels, with absolute concentra?ons in the range of a few hundreds of femtograms per !L, i.e. 
concentra?ons typically encountered in injec?on vials aZer sample prepara?on of food samples. 
 
As regards to the mLOQ, it was calculated as the mean contamina?on levels in 10 procedural blanks 
plus ten ?mes standards devia?ons. Procedural blanks were prepared weekly to reflect rou?ne 
laboratory condi?ons. For the NO PCB 169 and all the PCDD/Fs which were not found in the procedural 
blanks, the mLOQ was set equal to the corresponding iLOQ. The conversion from iLOQ to mLOQ 
assumed a final extract volume of 10 µL, an injec?on volume of 5 µL, and 100% recovery. For a few 
compounds detected in the blanks, specifically PeCB 126, HxCB 167, HxCB 157, and HpCB 189, the 
calculated mLOQ based on contamina?on levels was lower than the value derived from the iLOQ (Table 
S5.6). In these cases, the higher of the two values was retained to ensure conserva?veness. The 
resul?ng mLOQs are reported in Table 5.1, based on sample masses of 2 g (fish oil) and 4 g (palm oil 
and milk fat). 
 
Overall, the mLOQs were in the high fg/g for the dioxins and ranged from a few pg to hundreds of pg/g 
for the dioxin like PCBs. The mLOQs for the NDL PCBs were much higher owing to their rela?vely high 
level in the procedural blanks, in par?cular for the PCBs 28, 52 and 101. It is important to emphasize 
that, for most PCB congeners, the mLOQs reported in Table 5.1 do not reflect the sensi?vity of the 
TIMS-TOF Pro2 instrument itself, but rather the background contamina?on observed in our laboratory 
environment, which severely penalizes the achievable LOQs for these congeners. 
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B.  Precision, trueness and uncertainty 
 
The precision, trueness, and uncertainty of the method were evaluated using a set of samples from 
proficiency tests for which consensus concentra?on values of the target congeners were available. Six 
aliquots of each matrix (palm oil, fish oil, and milk fat) were analyzed over five days under intermediate 
reproducibility condi?ons using the GC-TIMS-TOF method. For comparison, an addi?onal set of six 
aliquots per matrix was prepared and analyzed under the same condi?ons using our reference GC-
sectorHRMS instrument. 
 
Intermediate precision (RSDR) was es?mated for each congener by calcula?ng the rela?ve standard 
devia?on across the six replicate measurements. The resul?ng RSDR values for both the TIMS and 
magne?c sector methods are plowed as a func?on of analyte concentra?on in Figures 5.1a and 5.1b, 
respec?vely. These plots clearly show that, in the vast majority of cases (97%), the RSDR values 
obtained with the TIMS method remained below the regulatory thresholds of 15% for PCDD/Fs and DL 
PCBs, and 20% for NDL PCBs. Moreover, comparison of Figures 5.1a and 5.1b indicates that the 
precision achieved with the TIMS method was broadly comparable to that of the magne?c sector 
instrument. On average, the RSDR was slightly higher with the TIMS method for dioxins (8.9% vs. 6.1%), 
but slightly lower for the NDL PCBs (5.0% vs. 8.1%) (Table S5.7). It was similar for MO PCBs (4.8% vs. 
5.4%). As expected, for both techniques, RSDR values tended to approach the regulatory thresholds at 
lower analyte concentra?ons. 
 

 
Figure 5.1: Plot of RSD versus concentra?ons of the analytes in the different samples for (A) the GC-APCI-TIMS-TOFMS and 

(B) GC-EI-Sector methods. 

Concentration (pg/gfat)
(ppt)

Concentration (pg/gfat)

PCDD/FS & NO PCBs

RS
D 

(n
=6

, %
)

0

10

20

30

40

50

Concentration                                                                             
(pg/g fat)

1 10 100 1000

15% limit

R
SD

R
 (n=

6,
 %

)

(A)

(ppb)

PCDD/FS & NO PCBs

RS
D 

(n
=6

, %
)

0

10

20

30

40

50

Concentration                                                                             
(pg/g fat)

0 1 10 100 1000

15% limit

GC-APCI-TIMS-TOF

R
SD

R
 (n=

6,
 %

)

(ppt) (ppb)

GC-EI-Sector

MO PCBs

RS
D 

(n
=6

, %
)

0

10

20

30

40

50

Concentration                                                                             
(pg/g fat)

1 10 100 1000 10000 100000

15% limit

MO PCBs

RS
D 

(n
=6

, %
)

0

10

20

30

40

50

Concentration                                                                             
(pg/g fat)

1 10 100 1000 10000 100000

15% limit

R
SD

R
 (n=

6,
 %

)

R
SD

R
 (n=

6,
 %

)

Concentration (pg/gfat) Concentration (pg/gfat)
(ppt) (ppb) (ppt) (ppb)

NDL PCBs

RS
D 

(n
=6

, %
)

0

10

20

30

40

50

Concentration                                                                             
(pg/g fat)

1 10 100 1000 10000 100000

20% limit

NDL PCBs

RS
D 

(n
=6

, %
)

0

10

20

30

40

50

Concentration                                                                             
(pg/g fat)

1 10 100 1000 10000 100000

20% limit

R
SD

R
 (n=

6,
 %

)

R
SD

R
 (n=

6,
 %

)

Concentration (pg/gfat) Concentration (pg/gfat)
(ppt) (ppb) (ppt) (ppb)

(B)



 119 

Trueness was assessed through the calcula?on of the bias of the measured values with respect to the 
consensus values from the PTs. The resul?ng biases for PCDD/Fs, DL PCBs and NDL PCBs are plowed 
against analyte concentra?on in Figure 5.2a (TIMS) and 5.3b (magne?c sector). With regards to the 
PCDD/Fs frac?on, the plot indicates that the calculated biases with the TIMS instrumenta?on globally 
complied with the European requirements (79.9% of biases were within the +/- 20% threshold, Table 
S5.7). Although a notable por?on of biases exceeded this threshold, especially at lower concentra?ons 
(around the ppt level and below), this high compliance rate for trueness remains very encouraging, 
par?cularly given the complexity of the matrix and the ultra-trace levels of PCDD/Fs involved. This 
trend contrasts with the performance of the magne?c sector instrument, where nearly all biases 
(99.7%) were within regulatory limits, although a slight increase in variability was observed at the 
lowest concentra?on levels. Accordingly, the mean absolute bias for dioxins was almost twice as high 
with the TIMS system compared to the magne?c sectorHRMS method (13.1% vs. 7.3%, Table S5.7), 
sugges?ng a limita?on of the current TIMS configura?on in accurately quan?fying PCDD/Fs at ultra-
trace levels close to the mLOQ. 
 

 
Figure 5.2: Plot of bias versus concentra?ons of the analytes in the different samples for (A) the GC-APCI-TIMS-TOFMS and 

(B) GC-EI-Sector methods. 
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For the PCBs frac?on, biases were generally well within the regulatory acceptance criteria: 87.2% of 
values fell within ±20% for MO PCBs, and 93.0% within ±30% for NDL PCBs. These results compared 
favourably with the magne?c sectorHRMS method, with mean absolute biases of 8.9% vs. 7.1% for 
MO PCBs, and 9.8% vs. 10.3% for NDL PCBs (Table S5.7), confirming the trueness performances of the 
GC-TIMS-TOF pla9orm for PCBs quan?fica?on across a broad concentra?on range. 
 
Measurement uncertainty was es?mated using the top-down approach developed by the EURL POPs21, 
based on intermediate precision and trueness. As illustrated in the bar graph in Figure S5.4A, the 
calculated expended uncertainty U (with a coverage factor of 2) for PCDDs and PCDFs with the TIMS 
method was generally higher than that observed for PCBs. Moreover, for approximately half of the 
dioxin congeners, the calculated uncertain?es were moderately to significantly higher (e.g., 
1,2,3,7,8,9-HpCDF, OCDF) than the EURL recommended value21 (U ≤ 38%). These findings are primarily 
awributed to a greater contribu?on of trueness at very low concentra?ons, which becomes more 
pronounced for PCDD/Fs in the TIMS method. In contrast, uncertain?es for PCBs were generally 
comparable between the two techniques. 
 
Finally, the precision, trueness and uncertainty were also evaluated for the summed WHO2005-TEQ 
concentra?ons of PCDD/Fs and DL PCBs, as well as the sum concentra?ons of NDL PCBs. For each 
matrix, all performance criteria complied with the regula?on requirements (Table S5.8 and Figure 
S5.4B) and the total TEQ concentra?ons measured with both instruments were in close agreement 
(Figure 5.3). Importantly, both methods led to the same compliance conclusions for all three samples 
with respect to their respec?ve PCDD/Fs and PCBs maximum limits22, demonstra?ng the reliability of 
the TIMS approach compared to the reference magne?c sector field instrument at ppt levels. One 
excep?on to this consistency was observed for the milk fat sample, where the summed TEQ 
concentra?ons of dioxins and DL-PCBs, as well as the summed NDL-PCB concentra?on, were classified 
as compliant using the TIMS method, but as non-compliant with the magne?c sector instrument 
(Figure 5.3 and Table S5.8). In both cases, the concentra?ons measured in TIMS were above the 
respec?ve maximum levels, consistent with the magne?c sector instrument. However, since the 
measured values were only slightly above the regulatory thresholds, and the expanded uncertainty 
associated with TIMS was slightly larger, the compliance decision fell within the uncertainty range, 
resul?ng in a classifica?on as compliant. In such borderline cases, the alterna?ve approach using TIMS 
would trigger the need for confirmatory analysis, as required by regula?on. This clearly demonstrates 
that TIMS fulfilled its intended role as a reliable alterna?ve screening method at the maximum level 
decision, and that, in any case, the appropriate decision had been made for the sum of PCDD/Fs in this 
milk fat sample limi?ng the risk of false non-compliance. 

 
Figure 5.3: Comparison of total upper bound WHO2005 TEQ concentra?ons of dioxins (PCDDs + PCDFs) and dioxin like PCBs 

(NO + MO PCBs) and summed concentra?ons of NDL PCBs measured by GC-EI-sector and GC-APCI-TIMS-TOF in the different 
matrices. The horizontal red lines correspond to the maximum limits based on WHO2005 TEF values according to commission 

regula?on EU 2023/91522.  The error bars correspond to the expended measurement uncertain?es (Figure S5.4). 
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5.2.2  - Benefits of ion mobility for the quan3ta3ve analysis of contaminants 
 
A.  CCS values for analyte confirmaDon 
 
The iden?fica?on of an analyte by targeted GC-MS methods is usually confirmed through reten?on 
?mes comparison between the analyte and its isotopically labelled standard analogue (e.g., <0.15%) 
as well as compliance of the ion abundance ra?os (e.g., +/- 15% around the theore?cal value)19. The 
addi?on of an ion mobility step within this workflow provides an addi?onal means to correctly confirm 
the iden?ty of the analyte and thus avoid false posi?ves. In screening and non-targeted approaches, 
comparison between experimental CCS and references values from libraries (built in-house or made 
available from other laboratories) has already shown great promises to improve confidence in analyte 
assignment. Indeed, it was demonstrated that CCS values are not affected by the sample matrix23,24 
and generally display good reproducibility across different instrumental designs25–27 (Sec?on 1.3.4B). 
As a result, a 2% varia?on between experimental and reference database value has been suggested 
several ?mes in the literature as a plausible cut-off value for iden?ty confirma?on of the analytes23,28,29. 
 
In targeted analysis performed with the isotopic dilu?on method, the CCS values can directly be 
compared between the analyte and its isotopically labelled standard, since both are present 
simultaneously in a given sample. In this work, we found the CCS of the na?ve and corresponding 
labelled standard to be really close. On average, the CCS difference between na?ve and standard at 
the different calibra?on levels varied from a minimum of 0.00% to a maximum of 0.21% (Figure S5.5). 
The differences were greatest for lower chlorinated PCBs, especially those with three and four chlorine 
atoms (Figure 5.4a) but decreased with increasing halogena?on degree. Moreover, they were not 
significant for the PCDDs and the PCDFs (Figure 5.4b). It is noteworthy that, when present, the 
differences in CCS were consistently awributable to the isotopically labelled standard exhibi?ng a 
slightly higher CCS in comparison to the na?ve analyte (Figures 5.4a and S5.5). This systema?c 
behaviour is akin to the rela?ve differences in the GC reten?on ?mes where the 13C labelled standards 
always elute a few seconds before their na?ve analogues. The reason for these small devia?ons in CCS 
could be due to isotopic effects (i.e., isotopologue effect30). 

 
Figure 5.4: Overlayed ion mobility spectra of the na?ve and 13C uniformly labelled standards of (A) TCB 52 and (B) 2,3,7,8-
TCDD (calibra?on level 5 in each case). A slight difference in CCS between the two standards can be seen in the case of the 

TCB 52. 
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In addi?on, a gradual CCS shiZ towards higher values was observed for the PCBs star?ng at the 
calibra?on level 7 (corresponding to an injec?on of 80 pg of na?ve + 20 pg of labelled standard, Figure 
S5.5). These shiZs are likely the result of space charge effects arising from increased ion density at the 
trapping region within the TIMS tunnel31. However, since these CCS shiZs affected both the na?ve 
analytes and their isotopically labelled analogues, the rela?ve CCS differences between them were 
generally preserved. Only minor increases in ∆CCS were observed for a few analytes, with the largest 
shiZ reaching 0.45% for TCB 52 (Figure S5.6). 
 
In light of these findings, we propose that a conserva?ve cut-off of 0.5% for the maximum allowable 
CCS difference between an analyte and its labelled internal standard could serve as an addi?onal 
iden?ty confirma?on criterion when using isotope dilu?on for quan?fica?on.  
 
B.  Increased selecDvity 
 
The occurrence of coelu?ng isobars and isomers remains a significant challenge for the iden?fica?on 
and quan?fica?on of pollutants in complex samples using chromatographic-based MS analysis. 
Coelu?ng isobars, which have the same nominal mass, require high mass resolving power or tandem 
MS for differen?a?on, while coelu?ng isomers cannot be dis?nguished if they have iden?cal or similar 
fragmenta?on spectra32. Although several papers have highlighted the poten?al of ion mobility for 
separa?ng isomeric and isobaric species33–35, fewer have explored its u?lity when such species are 
poorly separated in the chromatographic dimension29,36,37.  
 
In this work, most of the 35 target analytes were not impacted by poten?al interferences. This is due 
to a combina?on of a very thorough sample prepara?on which destroys and removes the great 
majority of the matrix and a high resolu?on separa?on in both the chromatographic and the mass 
spectrometric dimension (RFWHM > 40 000). However, a number of interferences were s?ll observed in 
some matrices. These were, for the great majority, par?al coelu?on of isomeric congeners. For 
instance in the palm oil sample, numerous TCDDs were present in the sample and one of them was 
par?ally coelu?ng with the 2,3,7,8-TCDD (Figure 5.5a). However, in the IM dimension, the 2,3,7,8-
TCDD was baseline separated from this interference (Figure 5.5c) and this interference could be 
removed in the corresponding IM-filtered chromatogram (Figure 5.5b). Similar cases were also 
observed for the NDL-PCBs 52, 101 and 153 in the different matrices (Figure S5.7). In the case of the 
TriCB 28, while a single peak was observed in the chromatographic dimension, the corresponding ion 
mobility spectrum strongly suggested the presence of an interfering compound (Figure S5.8). Only 
par?al separa?on was achieved in this case. According to the model developed by McLean et al.18, 
baseline separa?on of these two PCB isomers, which are characterized by a CCS difference of no more 
than 0.6%, would require an ion mobility resolving power of approximately 350, which exceeds the 
capabili?es of the current GC-TIMS-MS configura?on. The TriCB 31 is a well known coelu?ng 
interference of TriCB 28.  This coelu?on was resolved  with the magne?c sector instrumenta?on by 
using a specific GC column (HT-8). For the TIMS configura?on, a classic and more versa?le column was 
used (DB5-MS). With the excep?ons of these few cases, overall most of the par?ally coelu?ng isomers 
observed in the different samples could not be further separated in the IM dimension, despite the high 
resolving power of the method (Figure S5.9).  
 
Besides coelu?ng isomers, another type of interference that was observed was the case of two 
coelu?ng isobars, the 1,2,3,7,8-PeCDD and the HxCB 169 (Figure S5.10). Here, the M+6 isotopologue 
of the PeCDD (m/z 359.8485) interferes with the most intense isotopologue of the HxCB used for 
quan?fica?on (M+2, m/z 359.8410). The same isobaric interference is observed between the 
corresponding isotopically labelled standards (m/z 371.8885 vs m/z 371.8812). However, these 
interferences were completely resolved in the ion mobility dimension, the CCS of the hexachloro 
subs?tuted PCB being significantly larger than that of the pentachloro subs?tuted PCDD (Figure S5.10). 
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Figure 5.5: Unfiltered (A) and IM-filtered (B) gas chromatograms of 2,3,7,8-TCDD in the palm oil sample. (C) Corresponding 

ion mobility spectrum of 2,3,7,8-TCDD. 
 
Finally, a last type of interference was no?ced in the case of the MO-PCB 123 (Figure 5.6). This PeCB 
was par?ally coelu?ng with two other PCB congeners, a PeCB and an HxCB (Figure 5.6a). The difference 
in CCS between the two PeCBs was too small to obtain an appreciable separa?on, leaving the 
interfering PeCB appear as a small shoulder on the right of the ion mobility peak of PCB 123 (Figure 
5.6b). Concerning the HxCB, this type of coelu?on is not, a priori, an issue, since in posi?ve APCI, the 
soZ ioniza?on mechanism gives mostly rise to intense parent ions (∼85% [M]+. and ∼15% [M+H]+, 
Sec?on 3.3.2A) that can be readily dis?nguished in the m/z dimension (i.e., m/z 325.8799 for PeCBs 
and m/z 359.8410 for HxCBs). However, the small extent of PCBs fragmenta?on into [M+H-Cl]+. and 
[M-Cl]+. fragment ions can turn out problema?c in the event of a coelu?on between two PCB congeners 
that differ by one degree of chlorina?on, especially if the most chlorinated congener is much more 
present in the sample compared to the other. Indeed, in this situa?on these fragments become 
isomeric/isobaric interferences with regard to the less chlorinated PCB. This was typically the case here 
with the PeCB 123 and the coelu?ng HxCB congener which had a signal intensity more than an order 
of magnitude higher. 
 
However, the addi?onal ion mobility dimension can, at least par?ally, resolve this issue. Indeed, 
depending on the moment the fragmenta?on takes rela?ve to the ion mobility separa?on, some 
separa?on can be achieved between the analyte and the interfering fragment ions (Figure S5.11, 
Sec?on 3.2.2B). In the case of fragmenta?ons taking place before or during the separa?on (e.g., in 
source, in transit to the IM cell, etc.), the fragment ions go through the TIMS cell, become trapped and 
elute at a later ?me compared to their precursor ions since they are characterized by lower CCS values 
(in TIMS, ions with the highest CCS elute first, Figure S5.11a). Moreover, since these fragments are 
isomeric/isobaric to the analyte ion, the probability that they share a similar CCS is high. Therefore in 
this case, IM separa?on of the analyte ion and the fragment ions is not likely. However, in the case of 
fragmenta?ons occurring aZer the IM separa?on (in transit to the TOF MS), the ion mobility of the 
fragments match that of their precursor ions (Figure S5.11b). This ?me, the separa?on between the 
analyte ion and the isomeric/isobaric fragment ions is much more likely since two PCBs congeners 
differing by one chlorine atom are usually characterized by CCS that are sufficiently different to obtain 
a baseline separa?on at the resolving power of the TIMS (Sec?on 3.2.2C).  
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Figure 5.6: (A) Overlaid chromatograms of PeCBs and HxCBs close to the reten?on ?me of PeCB 123 (milk fat sample). (B) 
Overlaid ion mobility spectra of PeCB 123, its 13C standard analog, the coelu?ng PeCB interference and the coelu?ng HxCB 
interference. For the HxCB intereference, the IM peaks from both types of precursor ions ([M]+. and [M+H]+) are shown in 

the spectrum since both can give rise to isomeric/isobaric fragments. 

 
This is indeed what is observed in Figure 5.6b. In the mobility spectrum of the PeCB 123 [M]+. ion, a 
series of peaks of small intensity can be seen on the right side of the major peak at higher CCS values 
(see inset in Figure 5.6b). These are the signal corresponding to the post-IM fragmenta?on of the 
coelu?ng HxCB interference. This is confirmed by the alignment of those signals with the ion mobility 
peaks of their precursor [M]+. and [M+H]+ ions (bowom ion mobility spectrum in Figure 5.6b). As for 
the series of low intensity peaks on the leZ side of the major peak (see inset), they could be awributed 
to signal origina?ng from the pre/intra IM fragmenta?on of the coelu?ng HxCB. Some of this signal 
may not be visible due to overlap with that of the PeCB 123 [M]+. ion.  
 
Clearly, in this example, the impact of the HxCB isomeric fragment ions is negligible due to the low 
rela?ve intensity of their signal. However, such types of interference could become significantly more 
pronounced in samples where the intensity difference between the interfering fragment and the target 
analyte is smaller, or in the case of compound classes that exhibit a higher degree of fragmenta?on 
under posi?ve APCI condi?ons (e.g., PCDDs, Sec?on 3.2.2B). In such scenarios, the addi?onal 
selec?vity offered by the ion mobility dimension could prove par?cularly beneficial, enabling the 
separa?on of the interfering fragment species and thus improving the accuracy and reliability of the 
quan?fica?on. 
 
Overall, these results indicate that the separa?on of (par?ally) coelu?ng POPs isomers is generally not 
achieved in the ion mobility (IM) dimension, even at very high resolving power (Rp ~200). This 
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observa?on is consistent with findings from another study29, as well as with results obtained during 
the analysis of the POPs mixture in the op?miza?on of the SWIM method presented in the previous 
chapter (Sec?on 4.2.2C). In the lawer case, all (par?ally) coelu?ng isobaric standard species were 
baseline-separated in the IM dimension, even at the lower resolving power provided by the standard 
TIMS method (Rp ~100, Figure S5.12). This reflects the fact that, despite having nearly iden?cal mass, 
these POP isobars exhibit significantly different three-dimensional structures due to varia?ons in the 
central aroma?c core and the number and type of halogen atoms. In contrast, most of the (par?ally) 
coelu?ng isomeric pairs produced a single, convoluted peak in the ion mobility spectra (Figure S5.13), 
even when analyzed individually using a very slow scan rate (Figure S5.14), sugges?ng minimal, if any, 
differences in CCS. Consequently, while ion mobility appears as a powerful tool for separa?ng coelu?ng 
isobars, oZen even at moderate resolving powers around 100, its ability to discriminate coelu?ng 
isomers is limited by their structural and conforma?onal similarity, which leads to nearly iden?cal CCS 
values. 
 

5.3  - Conclusion 
 
In this chapter, the poten?al of a modern IM-MS pla9orm, namely a TIMS-TOF instrument, to perform 
quan?ta?ve analysis of trace and ultra-trace contaminants was assessed. The performance evalua?on 
conducted demonstrated that the GC-APCI-TIMS-TOF method we developed broadly met the 
requirements of EU Regula?on 2017/644 in terms of linearity, LOQs, precision, trueness, and 
measurement uncertainty for PCDD/Fs and PCBs in three different fat and oil samples. Although a non-
negligible frac?on of individual PCDD/F congeners present at very low levels (around ppt and below) 
showed accuracies falling outside the tolerated range, this had only a limited impact on the overall 
method performance: all regulatory criteria were fulfilled for the summed TEQ concentra?ons, which 
are the key metrics for regulatory compliance. Compared to the reference GC-sector HRMS method, 
performances were similar or slightly lower for PCBs, and slightly to significantly lower for most 
PCDD/Fs. However, the added ion mobility separa?on dimension of the GC-APCI-TIMS-TOF method 
brought significant advantages in terms of analyte iden?fica?on (with CCS values serving as an 
addi?onal iden?fica?on point in targeted analysis) and peak capacity (enabling separa?on of some 
par?ally coelu?ng isomers, isobars, and isomeric fragment ions). This improved selec?vity for dioxins 
and PCBs could poten?ally allow for simplified sample prepara?on procedures, resul?ng in reduced 
prepara?on ?mes and costs. Overall, this study highlights the promising poten?al of the TIMS-TOF 
pla9orm and IM-MS technologies more generally for the quan?ta?ve analysis of a broad range of 
contaminants in complex matrices. 
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5.5  - Suppor/ng informa/on 
 
TABLES 
 
Tables S5.1: Concentra?ons (in pg/!L) of the calibra?on solu?ons. 
 

PCDDs CalibraDon level 
1 2 3 4 5 6 

2,3,7,8-TCDD 0.05 0.1 0.5 1 5 10 

1,2,3,7,8-PeCDD 0.05 0.1 0.5 1 5 10 

1,2,3,4,7,8-HxCDD 0.1 0.2 1 2 10 20 

1,2,3,6,7,8-HxCDD 0.1 0.2 1 2 10 20 
1,2,3,7,8,9-HxCDD 0.1 0.2 1 2 10 20 
1,2,3,4,6,7,8-HpCDD 0.1 0.2 1 2 10 20 
OCDD 0.25 0.5 2.5 5 25 50 

 
 

 

NO PCBs CalibraDon level 
1 2 3 4 5 6 

TCB 77 0.5 1 2 5 10 20 

TCB 81 0.5 1 2 5 10 20 

PeCB 126 0.5 1 2 5 10 20 

HxCB 169 0.5 1 2 5 10 20 

 
 
 
 
 
 
 
 
 
 
 

 

PCDFs CalibraDon level 
1 2 3 4 5 6 

2,3,7,8-TCDF 0.05 0.1 0.5 1 5 10 

1,2,3,7,8-PeCDF 0.05 0.1 0.5 1 5 10 

2,3,4,7,8-PeCDF 0.05 0.1 0.5 1 5 10 

1,2,3,4,7,8-HxCDF 0.1 0.2 1 2 10 20 

1,2,3,6,7,8-HxCDF 0.1 0.2 1 2 10 20 
1,2,3,7,8,9-HxCDF 0.1 0.2 1 2 10 20 

2,3,4,6,7,8-HxCDF 0.1 0.2 1 2 10 20 
1,2,3,4,6,7,8-HpCDF 0.1 0.2 1 2 10 20 
1,2,3,4,7,8,9-HpCDF 0.1 0.2 1 2 10 20 

OCDF 0.25 0.5 2.5 5 25 50 

MO PCBs CalibraDon level 
1 2 3 4 5 6 7 8 

PeCB 105 0.04 0.1 4 10 20 40 80 140 

PeCB 114 0.04 0.1 4 10 20 40 80 140 

PeCB 118 0.04 0.1 4 10 20 40 80 140 

PeCB 123 0.04 0.1 4 10 20 40 80 140 

HxCB 156 0.04 0.1 4 10 20 40 80 140 

HxCB 157 0.04 0.1 4 10 20 40 80 140 

HxCB 167 0.04 0.1 4 10 20 40 80 140 

HpCB 189 0.04 0.1 4 10 20 40 80 140 

NDL PCBs CalibraDon level 
1 2 3 4 5 6 7 8 9 
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Table S5.2: Addi?onal GC parameters (TIMS-TOF instrument). 
 

 Frac?on 
1 

MO & NDL PCBs 
2 

PCDD/Fs & NO PCBs 
Gas flow 0.8 mL/min 1 mL/min 

Temperature 
program 

• 140°C, held 1 min 
• 220°C @ 15°C/min, held 7.5 min 
• 250°C @ 8°C/min 
• 262°C @ 2°C/min 
• 310°C @ 15°C/min, held 4.2 min 

⇒	Total: 30 min 

• 80°C, held 3 min 
• 200°C @ 70°C/min 
• 250°C @ 2°C/min, held 7 min 
• 310°C @ 15°C/min, held 4.3 min 

															⇒	Total: 45 min 

 
Table S5.3: GC-APCI source parameters. 
 

Transfer line temperature 300°C 
Source temperature  300°C 
End plate offset -500 V 
Capillary -4500 V 
Corona +1000 nA 
Nebulizer 2.4 Bar 
Dry gas 1.5 L/min 
Dry temperature 175°C 

 
Table S5.4: TIMS parameters. 
 

TriCB 28 0.04 0.1 4 10 20 40 80 140 500 

TCB 52 0.04 0.1 4 10 20 40 80 140 500 

PeCB 101 0.04 0.1 4 10 20 40 80 140 500 

HxCB 138 0.04 0.1 4 10 20 40 80 140 500 

HxCB 153 0.04 0.1 4 10 20 40 80 140 500 

HpCB 180 0.04 0.1 4 10 20 40 80 140 500 

 
Frac?on 

1 
MO & NDL PCBs 

2 
PCDD/Fs & NO PCBs 

Accumula?on ?me (duty cycle %) 75 ms (30%dc) 250 ms (100%dc) 

Ramp ?me (spectra rate) 250 ms (3.9 Hz) 

Accumula?on range Same as analysis range 

Analysis range 

Variable  
(SWIM mode 
 cfr. Figure S2) 
∆1/K0 = 0.07 

Variable  
(SWIM mode 
 cfr. Figure S2) 
∆1/K0 = 0.06 

 

Tunnel pressure 
Entrance(P1) 3.04 mBar 

Exit (P2) 0.84 mBar 
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Table S5.5: qTOF parameters. Three sets of parameters were used at different ?mes during the analysis to op?mize the 
transmission of both lower and higher m/z ions (F1 = PCBs frac?on; F2 = dioxins frac?on). 
 

 Set 1 
F1: Start - 14.6 min 

F2: Start - 17.0 min 

Set 2 
F1: 14.6 - 26.6 min 

F2: 17.0 - 40.4 min 

Set 3 
F1: 26.6 min - End 

F2: 40.4 min - End 

Funnel 2 RF 200 Vpp 250 Vpp 300 Vpp 
Mul?pole RF  200 Vpp 250 Vpp 300 Vpp 
Collision RF 800 Vpp 1000 Vpp 1200 Vpp 
Quadrupole energy 8 eV 9 eV 10 eV 
Collision cell energy 8 eV 9 eV 10 eV 
Collision cell in 190 V 190 V 190 V 
Transfert ?me 55 µs 60 µs 70 µs 
Prepulse storage 7 µs 9 µs 11 µs 

 
 

Table S5.6 – Comparison of calculated mLOQ values using the two approaches: blank-level contamina?on and instrument 
LOQ. 

Analyte mLOQ (pg/g) 
2g of sample 

mLOQ (pg/g) 
4g of sample 

iLOQ Blank 
level 

iLOQ Blank 
level 

TCB 81 0.5 2.7 0.25 1.35 
TCB 77 0.5 13.1 0.25 6.5 
PeCB 126 0.5 0.4 0.25 0.2 

 
PeCB 123 4 5.7 2 2.85 
PeCB 118 4 144 2 72 
PeCB 114 4 4.8 2 2.4 
PeCB 105 4 53.5 2 26.75 
HxCB 167 4 1.8 2 0.9 
HxCB 156 4 4.0 2 2.0 
HxCB 157 4 2.0 2 1.0 
HpCB 189 4 0.7 2 0.35 

∆P 2.20 mBar 

IM cell temperature Not available 

RF voltage 250 Vpp 

Transfer voltages 

D1 -20 V 

D2 -120 V 

D3 50 V 

D4 20 V 

D5 0 V 

D6 100 V 
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TriCB 28 4 1299 2 649.5 
TCB 52 4 2379 2 1189.5 
PeCB 101 4 636 2 318 
HxCB 153 4 121 2 60.5 
HxCB 138 4 68 2 34 
HpCB 180 4 15 2 7.5 

 
 
Table S5.7: Mean RSDR and bias measured for the dioxins and PCBs in the different matrices with the two instrumenta?ons. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tables S5.8: Total WHO2005 TEQ concentra?ons of dioxins (PCDDs + PCDFs) and dioxin like PCBs (NO + MO PCBs) and 
summed concentra?ons of NDL PCBs measured by GC-EI-sector and GC-APCI-TIMS-TOF in the different matrices. RSDR and 
rela?ve bias values that comply with the criteria from the European Regula?on 2017/644 are highlighted in green. 
 

Fish oil Cer?fied TEQ 
concentra?on PT          

[pg WHO2005 
TEQ/gfat] 

Mean 
concentra?on                              
[pg WHO2005 

TEQ/gfat]                          
(Rela?ve bias %) 

RSDR (%)                                                                                           Compliance regarding maximum level 
(EU 2023/915) 

TIMS Sector TIMS Sector PT TIMS Sector 
∑ PCDD/Fs 1.62 1.48                             

(-8.7) 
1.54         
(-4.8) 

5.0 5.5 Compliant Compliant Compliant 

∑ DL PCBs 8.57 7.37        
(-13.9) 

8.49      
(-0.39) 

1.3 6.4  

 Mean RSDR                            
(% RSDR <15%)               

[20% for NDL PCBs] 

Mean absolute bias                        
(% ∣bias∣ ≤	20%)           

[30% for NDL PCBs] 

TIMS 
TOF 

Sector TIMS 
TOF 

Sector 

PCDD/Fs      
+                    

NO PCBs 

Fish oil 7.0% 
(100%) 

7.3%    
(100%) 

10.5% 
(88%) 

7.9% 
(100%) 

Palm oil 8.8% 
(100%) 

7.6%    
(100%) 

14.3% 
(77%) 

9.3% 
(99%) 

Milk fat 10.4% 
(90%) 

3.7%    
(100%) 

13.8% 
(77%) 

5.7% 
(100%) 

Total 8.9% 
(96%) 

6.1%    
(100%) 

13.1% 
(80%) 

7.3% 
(99%) 

MO PCBs Fish oil 3.9% 
(88%) 

6.3%    
(100%) 

7.8% 
(98%) 

7.2% 
(100%) 

Palm oil 6.6% 
(100%) 

6.3%    
(100%) 

12.1% 
(71%) 

9.4% 
(97%) 

Milk fat 3.9% 
(100%) 

3.7%    
(100%) 

7.7% 
(87%) 

5.6% 
(90%) 

Total 4.8% 
(96%) 

5.4%    
(100%) 

8.9% 
(87%) 

7.1% 
(95%) 

NDL PCBs Fish oil 3.2% 
(100%) 

9.4% 
(100%) 

7.4% 
(100%) 

9.0% 
(100%) 

Palm oil 4.3% 
(100%) 

7.5% 
(100%) 

7.5% 
(92%) 

13.6% 
(79%) 

Milk fat 7.5% 
(100%) 

7.5% 
(100%) 

13.0% 
(89%) 

9.4% 
(100%) 

Total 5.0% 
(100%) 

8.1% 
(100%) 

9.8% 
(93%) 

10.3% 
(95%) 
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∑ PCDD/Fs + 
DL PCBs 10.19 8.85           

(-13.1) 
10.03        
(-1.5) 

0.2 5.9 Non 
compliant 

Non 
compliant 

Non 
compliant 

 Cer?fied 
concentra?on PT                                        

[ng /gfat] 

Mean 
concentra?on                              

[ng /gfat]                 
(Rela?ve bias %) 

RSDR (%)                                                                                            

TIMS Sector TIMS Sector 
∑ NDL PCBs 100.98 93.79        

(-7.1) 
100.43     
(-0.5) 

3.2 9.9 Compliant Compliant Compliant 

 
Palm oil Cer?fied TEQ 

concentra?on PT          
[pg WHO2005 

TEQ/gfat] 

Mean 
concentra?on                              
[pg WHO2005 

TEQ/gfat]                          
(Rela?ve bias %) 

RSDR (%)                                                                                           Compliance regarding maximum level 
(EU 2023/915) 

TIMS Sector TIMS Sector PT TIMS Sector 
∑ PCDD/Fs 0.77 0.86                             

(+11.4) 
0.74         
(-4.7) 

5.8 3.2 Compliant Compliant Compliant 

∑ DL PCBs 0.36 0.38        
(+6.2) 

0.39      
(+8.6) 

2.2 6.4  

∑ PCDD/Fs + 
DL PCBs 1.13 1.24           

(+9.8) 
1.13        
(-0.5) 

5.1 2.4 Compliant Compliant Compliant 

 Cer?fied 
concentra?on PT                                        

[ng /gfat] 

Mean 
concentra?on                              

[ng /gfat]                 
(Rela?ve bias %) 

RSDR (%)                                                                                            

TIMS Sector TIMS Sector 
∑ NDL PCBs 2.53 2.63        

(+3.7) 
2.86      

(+12.9) 
3.2 4.5 Compliant Compliant Compliant 

 
Milk fat Cer?fied TEQ 

concentra?on PT          
[pg WHO2005 

TEQ/gfat] 

Mean 
concentra?on                              
[pg WHO2005 

TEQ/gfat]                          
(Rela?ve bias %) 

RSDR (%)                                                                                           Compliance regarding maximum level 
(EU 2023/915) 

TIMS Sector TIMS Sector PT TIMS Sector 
∑ PCDD/Fs 2.83 2.68                             

(-5.2) 
2.73         
(-3.5) 

3.8 1.3 Non 
compliant 

Non 
compliant 

Non 
compliant 

∑ DL PCBs 2.27 2.10        
(-7.1) 

2.29      
(+1.3) 

3.7 3.6  

∑ PCDD/Fs + DL 
PCBs 5.10 

4.79           
(-6.1) 

5.03        
(-1.4) 

2.7 1.9 Non 
compliant 

Compliant Non 
compliant 

 Cer?fied 
concentra?on PT                                        

[ng /gfat] 

Mean 
concentra?on                              

[ng /gfat]                 
(Rela?ve bias %) 

RSDR (%)                                                                                            

TIMS Sector TIMS Sector 
∑ NDL PCBs 56.88 50.13        

(-11.9) 
55.11      
(-3.1) 

6.1 9.5 Non 
compliant 

Compliant Non 
compliant 

  



 134 

FIGURES 
 
 

 

 
 

Figure S5.1: SWIM method applied to (A) the PCBs frac?on and (B) the dioxins frac?on. The ion mobility range of analysis 
(represented by the rectangles) is changed during the course of the chromatographic separa?on to adapt to the CCS of the 
analytes (represented by the coloured dots) that elute during a given reten?on ?me window. This avoids the use of a wider 

(and therefore less resolvable) ion mobility range that would have been necessary if that range had been constant over 
?me (in order to include all the analytes). 
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Figure S5.2: Illustra?on of the two signal integra?on procedures that were tested in this study. First, an average mass 
spectrum was generated over the elu?on ?me of the analyte of interest. Then, the ion mobility spectrum of the most 

intense isotopologue of the isotopic palern was generated and integrated and the resul?ng area was used in the 
quan?fica?on process (procedure #1). For the second procedure, an average mass spectrum was generated over the 

elu?on ?me and the ion mobility range of the analyte of interest. A mobility filtered extracted ion chromatogram was then 
generated based on this mass spectra. The resul?ng chromatographic peak was integrated and used in the quan?fica?on 

process (procedure #2).  
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Figure S5.3: IM-filtered chromatogram of HpCB 189 (4 pg injected) with (lower spectrum) and without (upper spectrum) 

zoom. 

 
 

 

Figure S5.4: Expanded measurement uncertainty U calculated for the different dioxins and PCBs congeners (A) and the sum 
TEQ concentra?ons (B) with the TIMS (blue) and sector (green) systems. 
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Figure S5.5: Experimentally measured CCS of both na?ve (blue dots) and 13C isotopically labelled standards (red dots) at the 
different calibra?on levels for: (A) MO PCBs; (B) NDL PCBs; (C) NO PCBs; (D) PCDDs and (E) PCDFs. The ∆CCS corresponds to 
the difference between the CCS value of the 13C and the na?ve standards, expressed as a percentage rela?ve to the CCS of 
the na?ve standard. The ∆CCS were calculated at each concentra?on levels and averaged to yield the average ∆CCS value 

displayed for each analyte in the graphs. 
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Figure S5.6: Superposi?on of the ion mobility spectra of the na?ve and labelled standard of PCB 52 obtained at the 

different calibra?on levels. This figure highlights the ship of the ion mobility peaks towards higher CCS values at higher 
concentra?on levels for both the na?ve and the labelled standard. It can be seen that the ship occurs earlier and to a 

greater extent for the labelled standard (∆CCS13C-13C) compared to the na?ve standard (∆CCS12C-12C), ul?mately resul?ng in 
an increase in the CCS difference between na?ve and labelled standard (∆CCS13C-12C) with increasing concentra?on levels. 

Once again, we believe this unequal extent in peak ships could be alributed to space charge effects. 
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Figure S5.7: Overlayed chromatograms (lep) and ion mobility spectra (right) of na?ve and isotopically labelled standard for 
(A) TCB 52, (B) PeCB 101 and (C) HxCB 153 (palm oil sample). In each case, the (par?ally) coelu?ng isomeric interference in 

the GC dimension was baseline separated in the ion mobility dimension. 

 

Figure S5.8: Overlayed chromatograms (lep) and ion mobility spectra (right) of na?ve and isotopically labelled standard for 
TriCB 28 (palm oil sample). 
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Figure S5.9: Overlayed chromatograms (lep) and ion mobility spectra (right) of na?ve, isotopically labelled standard and 
interference(s) for (A) PeCB 114 in milk fat, (B) HxCB 138 in palm oil, (C) 1,2,3,7,8-PeCDD in palm oil, (D) 2,3,7,8-TCDF in 

palm oil and (E) PeCDF 2,3,4,7,8-PeCDF in palm oil. While no significant separa?on between the analytes and the 
interferences could be achieved in the IM dimension, most compounds were reasonably separated in the GC dimension. 

Consequently, the quan?fica?on results were not impacted significantly by the presence of these interferences. 

 

 

Figure S5.10: Overlayed chromatograms (lep) and ion mobility spectra (right) of na?ve and isotopically labelled standard for 
the coelu?ng isobars 1,2,3,7,8-PeCDD and HxCB 169 (milk fat sample). 



 146 

 

Figure S5.11: Schema?c representa?on of the TIMS analysis of a parent ion (e.g., M+. or [M+H]+) and its fragment ion (e.g., 
[M+H-Cl]+. or [M-Cl]+) when fragmenta?on occurs either (A) before/during or (B) aper TIMS separa?on. Precursor ions and 

their fragments are represented in green and red, respec?vely. In this figure, the TIMS-MS experiment was divided in 4 
successive events. The approximate loca?on of a specific event is shown in the schema?c representa?on of the TIMS TOF 

instrument on top of the figure. 
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Figure S5.12 – Ion mobility spectra (in both standard and SWIM modes) of cri?cal isobaric coelu?ons from the analysis of 
the POP standard mix in Sec?on 4.2.2C. The minimum mass resolving power (Rp(m/z)) required to resolve the two signal in 

the m/z dimension is specified in each case, along with the ion mobility resolving power (Rp), CCS values and % difference in 
CCS. 
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Figure S5.13 – Ion mobility spectra (in both standard and SWIM modes) of perfectly coelu?ng and par?ally coelu?ng 

isomers from the analysis of the POP standard mix in Sec?on 4.2.2C. The ion mobility resolving power (Rp) and CCS values 
are specified in each case. 
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Figure S5.1 – Lower spectra: ion mobility spectra resul?ng from the individual ultra high resolu?on (UHR) analysis (bV = 10 

V/s) of each of the unresolved coelu?ng isomeric pairs from Figure S13. Upper spectra: original ion mobility spectra 
acquired in SWIM mode (bV = 40 V/s), for comparison.  
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Currently, cetaceans face significant survival threats due to various factors directly or indirectly linked 
to human ac8vi8es. These include acous8c disturbances, ship strikes, reduced prey availability from 
overfishing and climate change, and increased suscep8bility to disease from biotoxins and infec8ous 
pathogens1. Addi8onally, since the ini8al release of human-made chemicals into marine 
environments, cetaceans have been widely exposed to high levels of pollutants2,3, the oceans ac8ng 
as a major sink for many of them4. 

Among cetaceans, the killer whale (Orcinus orca) is par8cularly notable for being one of the most 
contaminated marine mammals globally3,5. This is largely due to its high trophic level, long lifespan 
(up to 90 years), and limited metabolic capacity for breaking down pollutants6,7. Extremely high 
concentra8ons of contaminants, especially legacy POPs such as PCBs and OCPs, have been detected 
in lipid-rich 8ssues like the blubber8. These concentra8ons vary significantly depending on factors 
such as diet (fish-based vs. marine mammal-based), age, loca8on (e.g., proximity to industrialized 
areas), and sex, as females can offload a substan8al por8on of their contaminant burden during 
lacta8on1,3,9. Numerous studies have demonstrated that elevated POP levels may cause a range of 
adverse effects in marine mammals10. Notably, a recent report11 projected that up to 50% of current 
killer whale popula8ons could collapse within the next century solely due to PCB exposure, which is 
strongly associated with immunosuppression. 

To date, the monitoring of contaminants in killer whales has primarily focused on targeted analyses 
of legacy persistent organic pollutants12. These include PCBs13; organochlorine pes8cides14 such as 
dichlorodiphenyltrichloroethanes (DDTs), chlordanes, and toxaphenes; flame retardants such as 
polybrominated diphenyl ethers (PBDEs), hexabromocyclododecane (HBCDD), and polybrominated 
biphenyls (PBBs)15,16; polychlorinated naphthalenes (PCNs)7,15; and polychlorinated dibenzo-p-dioxins 
and dibenzofurans (PCDD/Fs)3,17. More recently, targeted analyses have also included emerging 
contaminants such as novel flame retardants18,19 (e.g., DPTE, PBEB, PBT, HBB, Dechloranes), 
chlorinated paraffins20, and per- and polyfluoroalkyl substances (PFAS)16. These studies revealed that 
killer whales are also exposed to emerging contaminants, although the levels found were typically 
much lower than legacy POPs. 

In contrast, non-targeted approaches have been largely absent from the study of killer whale 
contamina8on. To date, only a single study has applied a non-targeted screening workflow to 
inves8gate addi8onal contaminants in this species21. Using liquid chromatography coupled to a 
quadrupole 8me-of-flight mass spectrometer in both posi8ve and nega8ve electrospray ioniza8on 
modes, the study tenta8vely iden8fied several compounds, including an8oxidants, PFAS, and 
alkylphenols. Similar NTS studies conducted on other marine mammals have revealed a wide array of 
poten8ally harmful and unregulated substances22–24. Collec8vely, these findings underscore the value 
of non-targeted approaches in uncovering both known and previously uniden8fied contaminants that 
may contribute to the toxic burden in marine mammals, beyond the well-characterized legacy POPs. 

In this context, the aim of this chapter was to inves8gate the presence of addi8onal GC-amenable 
halogenated substances in the blubber of a killer whale that stranded on the beach of De Panne, 
Belgium, using a non-targeted approach. To achieve this, a non-targeted screening method using a 
GC-APCI-TIMS-MS/MS system was developed. Recently, the integra8on of ion mobility into tradi8onal 
GC- and LC-HRMS suspect and non-targeted workflows has demonstrated its capability to enhance 
data processing across all stages - from feature detec8on25 (e.g., separa8on of isomers and isobars), 
to priori8za8on26,27 (e.g.,  filtering using coll ision cross sec8on vs m/z), and ul8mately 
iden8fica8on26,28,29 (e.g., cleaner MS and MS/MS spectra; iden8fica8on of trendlines in CCS, m/z, and 
mass defect space; and comparison of experimental CCS values with reference or predicted data). 
Here, we will discuss how we specifically leveraged the addi8onal separa8on provided by ion mobility 
to filter features in the mobility vs. m/z space, but also to op8mize the precursor selec8on during the 
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tandem MS step using parallel accumula8on–serial fragmenta8on (PASEF), a DDA fragmenta8on 
mode specific to TIMS technology30. Addi8onally, we also evaluate the performance of machine 
learning–based CCS predic8on tools as a means to enhance structural elucida8on of halogenated 
compounds when experimental CCS values are unavailable.  

6.1  - Materials and methods 
 
6.1.1  - Sample prepara-on 

Approximately 130 mg were collected from the blubber of a subadult male killer whale that stranded 
on the beach of De Panne, Belgium, in October 2023. Sample prepara8on involved accelerated 
solvent extrac8on (ASE) to isolate the lipophilic frac8on, followed by clean-up using an acid-silica 
(44%) and sodium sulfate column to remove lipids and residual water. The cleaned extract was then 
transferred to a GC vial containing n-nonane and stored at -18 °C un8l analysis. A procedural blank 
was also prepared in parallel. A detailed descrip8on of the sample prepara8on is provided in Figure 
S6.1.  

6.1.2  - Analysis 

The analyses were performed on a 8msTOF Pro 2 mass spectrometer (Bruker, Bremen), equipped 
with a GC-APCI source (GC-APCI II, Bruker, Bremen) for sample separa8on and ioniza8on prior to ion 
mobility–mass spectrometry (IM-MS) analysis. Generic GC, IM, and MS parameters were applied to 
maximize the detec8on coverage of compounds (see Tables S6.1-S6.4). 

Tandem MS was carried out in data-dependent acquisi8on (DDA) mode using parallel accumula8on–
serial fragmenta8on (PASEF)30 (specific parameters in Table S6.5). Further details on this acquisi8on 
mode are provided in the Results and Discussion sec8on. To complement the selec8ve DDA data, an 
addi8onal analysis was conducted in data-independent acquisi8on (DIA) mode using broad-band 
collision-induced dissocia8on (bbCID). This non-selec8ve fragmenta8on mode fragments all ions 
simultaneously, enabling the acquisi8on of complete isotopic pagerns for the fragments. These 
pagerns supported the determina8on of fragment chemical formulas by revealing the number and 
types of halogen atoms present. 

6.1.3  - Data processing 

Due to the lack of open-access sohware tailored for IM-MS data processing in the field of 
environmental analysis, data treatment was carried out manually using DataAnalysis (v5.3, Bruker). 
An overview of the non-targeted screening (NTS) processing workflow is shown below in Figure 6.1. 
As a first step, the raw data were recalibrated in terms of m/z and ion mobility using the procedure 
described in Sec8on 3.2.1C. Next, peak picking was manually performed based on the priori8za8on 
strategy outlined in the Results and Discussion sec8on (Sec8on 6.2.1A). In the final step, the filtered 
features were tenta8vely iden8fied. 

 

Figure 6.1 - Overview of the non-targeted processing workflow. 
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The iden8fica8on procedure is summarized in Figure S6.2. First, the number and types of halogen 
atoms were inferred from the reten8on 8me- and ion mobility-filtered isotopic pagern of the 
molecular ions. When available, tandem MS spectra and in-source fragments also provided valuable 
informa8on in this regard (par8cularly for mixed halogenated compounds containing both Cl and Br; 
see feature 10 in Annex A for instance) since such compounds typically undergo characteris8c 
halogen losses during collision-induced and in-source fragmenta8on. 

Second, the inferred halogen composi8on was used to query the PubChem database for candidate 
structures containing the same combina8on of halogen atoms. To reduce the number of hits, a 
molecular weight filter was applied. The retrieved candidates were then further refined by evalua8ng 
the match between theore8cal and experimental isotopic pagerns, as well as the mass accuracy. For 
some features with no matching candidates in PubChem, molecular formulae were es8mated using 
the SmartFormula tool in DataAnalysis, which generates formula candidates based on experimental 
accurate mass and isotopic pagern. 

Third, remaining candidates were further filtered using all available experimental informa8on: 
comparison of experimental CCS with in-house database values; plausibility of ioniza8on efficiency, 
reten8on 8me, and GC amenability; metadata; characteris8cs of IM spectra (peak shape, number of 
peaks); propor8on of protonated ion vs. radical molecular ion… 

6.2  - Results and discussion 
 
6.2.1  - Leveraging an addi-onal dimension of separa-on: mass vs mobility space 

Figure 6.2 presents the m/z vs 1/K₀ heatmap of all signals recorded during the full GC analysis of the 
killer whale blubber extract. Two clearly dis8nct regions are visible, as indicated by the doged lines. 
As detailed in Sec8on 3.2.2C, this separa8on reflects the differen8a8on between halogenated and 
non-halogenated compounds: halogenated compounds, due to their higher molecular density, 
predominantly appear in the lower region of the plot27. In addi8on, a series of straight lines can be 
observed at the bogom of the heatmap. These ar8fact signals originate from higher-mass ions with 
1/K0 values exceeding the set upper limit of 1.0 V.s/cm2. Since they are not retained by the electric 
field gradient, these ions con8nuously pass through the TIMS cell during the accumula8on phase 
(100 ms), resul8ng in the appearance of con8nuous bands. 

In the following sec8on, we describe how the dis8nct region in the m/z vs 1/K0 space, characteris8c 
of halogenated species, was leveraged to priori8ze complex data and enhance precursor ion selec8on 
during tandem MS acquisi8on using the DDA PASEF mode. 

A.  Priori-za-on Strategy 

Several powerful strategies have been commonly used to priori8ze halogenated features in complex 
samples. Among the most well-known are the mass defect and Kendrick mass defect plots, which 
exploit the rela8vely low (nega8ve) mass defect of halogenated compounds31. These plots facilitate a 
simplified visualiza8on of complex HRMS data, enabling halogenated features to be isolated from 
non-halogenated ones, and allowing homologous compounds within a chemical class to align 
horizontally32. Other strategies are based on the characteris8c isotopic pagerns of Cl- and Br-
containing compounds, which enable their selec8ve filtering from complex MS datasets33,34. 
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Figure 6.2 - Ion mobility (1/K0) vs m/z heatmap of signal from the killer whale’s blubber recorded over the enDre GC 
analysis. 

More recently, CCS-based strategies have been developed. These take advantage of the higher 
density of halogenated compounds, resul8ng in their specific localiza8on in m/z vs CCS or mobility 
plots26,35. For instance, MacNeil et al.27 applied a CCS-based priori8za8on strategy during GC-IM-MS 
analysis of an indoor dust sample. In their approach, they defined a region in the m/z vs CCS space in 
which only features with CCS values below a limit defined by ‘100 Å² + (m/z ÷ 5)’ were retained for 
further iden8fica8on. 

In our study, we applied a similar CCS-based strategy to filter out non-halogenated features, such as 
background ions (e.g., siloxanes) and biological compounds. However, instead of applying a fixed 
linear cutoff as in the study by MacNeil et al., our boundary was empirically defined based on the 
signal distribu8on pagern of background ions signals in the m/z vs 1/K₀ heatmap (Figure 6.3). All 
signals located above this boundary were considered to originate from non-halogenated compounds 
and were excluded from further analysis. The validity of this boundary was supported by superposing 
the plot of reference 1/K0 values of halogenated standards measured in Sec8on 3.2.2; the majority of 
these standards indeed fell below the defined threshold (Figure S6.3). 

Addi8onally, unlike MacNeil et al., we did not apply this filtering strategy following an automated 
peak picking. Instead, peak picking was performed manually via visual inspec8on of individual 
heatmaps generated during the analysis of the blubber extract. When a signal was observed below 
the boundary at a given reten8on 8me, its mass spectrum was extracted and its chromatographic 
peak was integrated, resul8ng in the crea8on of a feature (Figure 6.4). To simplify this process, each 
heatmap was limited to a 100 m/z range at a 8me (e.g., 300–400 m/z, 400–500 m/z, etc.). A minimum 
chromatographic intensity cutoff of 2000 was also applied to eliminate low-intensity signals with 
poor-quality spectra. 
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Figure 6.3 – Empirical boundary between halogenated and non-halogenated signals in the 1/K₀ vs m/z space, defined based 
on background signals from GC column bleed (siloxane compounds). The heatmap was generated from the analysis of the 

GC column bleed at 200°C. 

 

 
Figure 6.4 –IllustraDon of the visual peak-picking process for three features in the 400–500 m/z range. 

This visual approach proved especially effec8ve for iden8fying in-source fragments, as precursor ions 
and their corresponding in-source fragments appeared simultaneously within the same heatmap. 
Post-TIMS fragment ions could also be easily recognized, since they were aligned with their precursor 
ions along the mobility dimension. Figure S6.4 illustrates these cases for a specific feature. 
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Altogether, this priori8za8on strategy enabled the manual extrac8on of a total of 202 tenta8ve 
classes of halogenated compounds and their associated fragments (Figures 6.5 and S6.5). 

 

Figure 6.5 – Overlaid extracted ion chromatograms (EICs) of the 202 classes of halogenated compounds isolated using the 
prioriDzaDon strategy introduced in this chapter. 

 
B.  Op-mized DDA selec-vity 

Data-dependent acquisi8on (DDA) modes in non-targeted analysis enable the automated and 
selec8ve isola8on and fragmenta8on of precursor ions, resul8ng in clean tandem mass spectra. These 
spectra can ohen be directly compared to reference MS/MS libraries or interpreted manually or in 
silico, in contrast to data-independent acquisi8on (DIA) approaches, which provide more 
comprehensive but more complex datasets36. 

In conven8onal DDA, precursor selec8on typically follows a “Top N” approach, where the N most 
intense ions in the full MS survey scan are selected for fragmenta8on36. While effec8ve, this method 
tends to favor the most abundant ions, ohen at the expense of lower-intensity, poten8ally relevant 
analytes37. Furthermore, although exclusion lists can be applied to omit known background m/z 
values from fragmenta8on, the method remains limited in its ability to discriminate between 
meaningful and irrelevant signals, such as those arising from the sample matrix36,37. 

In TIMS, a specific DDA fragmenta8on strategy termed ‘parallel accumula8on – serial fragmenta8on 
(PASEF)’ was devised in 2015 by Mann et al38. In conven8onal qTOF-based DDA, all ions arrive 
simultaneously at the quadrupole, but only one precursor (typically the most intense) is selected for 
fragmenta8on per scan. In contrast, in DDA-PASEF, implemented on a TIMS-qTOF plaxorm, ions are 
first separated based on their mobility before they reach the quadrupole. By synchronizing the 
quadrupole selec8on with the ion elu8on order from the TIMS cell, PASEF enables the sequen8al 
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fragmenta8on of mul8ple precursor ions in a single scan cycle. This greatly increases both the MS/MS 
acquisi8on rate and precursor ion coverage30,38. 

In addi8on, PASEF allows to specifically isolate precursor ions in a defined region of the mobility 
versus m/z space. In proteomics, for example, this allows exclusion of singly charged pep8de ions 
that occupy a specific region of the plot, enabling preferen8al selec8on of mul8ply charged, more 
informa8ve precursors30. 

In this study, we leveraged this capability to selec8vely target halogenated precursor ions. A precursor 
selec8on region was defined in the m/z vs. 1/K0 space, centered around the halogenated zone 
described in the previous sec8on. As illustrated in Figure 6.6, this DDA-PASEF strategy successfully 
restricted precursor selec8on to ions within the halogenated region, excluding non-halogenated and 
background ions. This approach allowed even low-intensity halogenated signals to be selected for 
MS/MS fragmenta8on. These signals would likely have been overlooked in a tradi8onal intensity-
based DDA scheme, where more abundant matrix-derived ions would dominate precursor selec8on 
(see for instance the case of feature 31 in Annex A). 

 

Figure 6.6 – Overview of precursor ions selected for MS/MS analysis using the developed DDA-PASEF strategy. Note that 
some arDfact ions located within the precursor selecDon zone were also subjected to fragmentaDon. 

6.2.2  - Classes of halogenated compounds tenta-vely iden-fied in the killer 
whale’s blubber 

Out of the 202 classes of halogenated compounds extracted from the m/z vs. 1/K₀ heatmap, 23 
classes (~11%) have reached the final step of the non-targeted workflow: tenta8ve iden8fica8on. 
Work is s8ll ongoing for the remaining classes. In this sec8on, we provide an overview of the 
iden8fica8ons performed to date. 

These 23 classes comprised a total of 42 individual features. The experimental data used in the 
iden8fica8on process are provided in a PDF document agached to this thesis (Annex A). For each 
feature, it includes: the m/z vs. 1/K0 heatmap, chromatogram, full-scan and tandem mass spectra, 
and the ion mobility spectra of the (quasi)molecular ions and their fragments (when present). When 
relevant, the chemical structure of the tenta8vely iden8fied compound was also included. 

More than half of the features could be classified as Level 3 according to the Schymanski scale39 (i.e., 
tenta8ve structures, Figure 6.7). In addi8on to accurate mass, isotopic pagern, and characteris8c 
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fragments, suppor8ng evidence for these annota8ons included the GC amenability of the proposed 
structures. For instance, some candidate compounds contained alcohol func8onal groups, making 
them less likely to be detected by non-polar GC (features 2, 3, 6, 12–16, and 24 in Annex A), although 
this criterium would require further valida8on. Moreover, most of these annota8ons corresponded 
to well-known classes of substances that have already been reported in several targeted studies of 
killer whale samples. These included legacy POPs (e.g., PBDEs: features 2–3, 12–16; PBBs: features 4–
5, 17–23, Annex A) as well as naturally produced halogenated compounds (e.g., methoxylated PBDEs: 
features 6, 35–36; halogenated methyl bipyrroles: features 7, 25–27, Annex A). These natural 
halogenated products (HNPs) are biosynthesized by marine organisms such as sponges, algae, and 
bacteria, and some exhibit POP-like proper8es comparable to anthropogenic halogenated 
compounds22,40,41. Finally, the high rela8ve intensity of the protonated ion [M+H]+ observed for some 
features provided addi8onal evidence for the presence of strongly basic sites prone to protona8on, 
such as heteroatoms like nitrogen or sulfur. The brominated methyl bipyrroles (features 7, 25–27, 
Annex A) serve as a representa8ve example. 

 

Figure 6.7 – Overview of the confidence levels assigned to the features based on the Schymanski classificaDon system39. 

Addi8onal evidence for the iden8fica8on was provided by the added dimension of separa8on 
introduced by ion mobility. For example, the posi8ons of tenta8vely iden8fied PBDE and PBB features 
in the mobility vs m/z space were aligned with their respec8ve characteris8c trendlines defined in 
Sec8on 3.2.2C, providing further confidence in their classifica8on26,42 (Figure S6.6). Note that two 
TIMSCCSN2 values for the tenta8vely iden8fied HxBDEs are rather far from the expected values based 
on the trendline fit. However, the trendline was created from the CCS of only 18 PBDEs out of the 209 
exis8ng congeners, and is therefore not fully representa8ve of the structural diversity within the 
class. As such, devia8ons may arise due to differences in subs8tu8on pagerns and molecular 
conforma8ons that are not captured by the limited calibra8on set. Further expansion of the reference 
database would help improve confidence in CCS-based iden8fica8ons for these PBDEs (see next 
sec8on).  

Moreover, for most of these features, the ion mobility peak of the radical molecular ion (M+.) 
appeared as a single symmetric peak, sugges8ng either a rigid molecular structure or a rapidly 
interconver8ng flexible conforma8on (Sec8on 3.2.2A), consistent with the proposed candidate 
structures. In contrast, some features exhibited asymmetric or mul8ple peaks in their ion mobility 
spectra, which may indicate more complex ion structures with mul8ple conformers (e.g., features 33, 
34, and 41; Sec8on 3.2.2A), or the presence of coelu8ng isomers that are separated in the ion 
mobility dimension. This last case is exemplified in the ion mobility spectra of the puta8ve HxBDE 
(feature 13) and HpBDE (feature 2). 

Finally, the overall profile of the ion mobility spectra of both precursor and fragment ions for the 
tenta8ve PBDEs was consistent with the behavior observed for the PBDE standards in Sec8on 3.2.2B. 
Specifically: the CCS of the protonated ion [M+H]⁺ was slightly higher than that of the corresponding 
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radical ion M+.; a significant frac8on of pre/intra-TIMS fragmenta8on was observed; post-TIMS 
fragment ions had mobility peaks aligned with those of the [M+H]⁺ precursor ion; the CCS of the 
[M+H-Br]+. fragments matched the expected CCS values - those of PeBDEs for HxBDEs fragments and 
those of HxBDEs for HpBDEs fragments. These observa8ons confirm the valuable addi8onal 
iden8fica8on informa8on provided by all types of ions, both precursor and fragment ions43. 
Altogether, the ion mobility spectra of those ions act as a “fingerprint” for each class of pollutants, 
enhancing confidence in structural annota8ons. 

Besides these tenta8ve structural assignments, the remaining features were classified at confidence 
levels 4 (i.e., unequivocal molecular formula) and 5 (i.e., exact mass) according to the Schymanski 
scale39 (Figure 6.7). For these features, although plausible combina8ons of halogen atoms were 
iden8fied that matched the experimental isotopic pagerns, no corresponding PubChem hits were 
found during the second step of the iden8fica8on workflow. With the excep8on of one case (feature 
10), these unknown features exhibited low signal intensity (<5000), which suggest that some of them 
may poten8ally represent emerging contaminants recently released into the environment and 
subsequently accumulated in the blubber of the killer whale.  

6.2.3  - Evalua-on of machine learning tools for predic-ng CCS of polyhalogenated 
pollutants 

As we have seen in the cases of the legacy POPs features, CCS are highly valuable parameters that 
enhances confidence in compound class iden8fica8on by allowing their comparison to experimental 
class-specific trendlines. The experimental CCS of features for which one (level 2) or mul8ple exact 
structure (level 3) were found can also be directly compared to their corresponding database CCS 
values29,44 (Sec8on 1.3.4B). It is currently accepted that a difference below 2% gives extra confidence 
in support of the candidate structure45,46. However, the number of available empirical CCS values 
remains limited, primarily due to the scarcity of analy8cal standards and the 8me-intensive nature of 
CCS measurements37,47,48. To address this limita8on, recently several machine learning (ML)-based 
tools have been developed to predict CCS values for small molecules on a large scale, achieving low 
to moderate predic8on errors47,49 (Sec8on 1.3.4B). ML predicted CCS are now available for every 
compound included in the PubChem Lite database50,51.  

Current open-access machine learning–based sohware for CCS predic8on includes AllCCS252, 
CCSbase53, CCSP 2.054, DeepCCS55, and CCSondemand56. Most of these models follow a common 
approach49: they use algorithms trained on a dataset of compounds with known CCS values (the 
training set) and a corresponding set of molecular descriptors (numerical values that characterize the 
physicochemical proper8es of a molecule, such as exact mass, polarizability, log KOW, and more). Once 
trained and validated, the model can rapidly predict the CCS of compounds not included in the 
original training dataset. In most cases, only the SMILES and/or InChi representa8on of a compound 
is required to generate a CCS predic8on. 

To further assess the accuracy of the level 3 candidate structures proposed in the previous sec8on, 
predicted CCS values were calculated. To determine which ML-based sohware would be most suitable 
for this task, CCS values for eight halogenated compounds (with CCS previously measured on our 
8msTOF instrument) were predicted using four commonly used models: AllCCS2, CCSbase, CCSP 2.0, 
and CCSondemand. 

The predicted CCS values and corresponding errors rela8ve to the experimental values for each 
halogenated compound are shown in Figure 6.8. As illustrated, the performance varied significantly 
across the different sohware tools. One model that clearly stood out was CCSP 2.0, which consistently 
achieved the highest predic8on accuracy, with errors always below 1%. AllCCS2 and CCSondemand 
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displayed similar performance, with predic8on errors under 6% and 4%, respec8vely. In contrast, 
CCSbase showed the poorest performance: while half of its predic8ons had errors below 4%, the 
remainder exhibited much larger devia8ons, reaching up to 21%. 

The reason for these outlier values remains unclear. However, the superior performance of the CCSP 
2.0 model is likely due to its training dataset54. Unlike the other models, which were primarily trained 
on CCS values of non-halogenated metabolite compounds, CCSP 2.0 was trained on a custom dataset 
comprising 184 TIMSCCS values of halogenated compounds from our in-house database. This 
comparison highlights a well-known key limita8on of ML-based CCS predic8on tools: the accuracy of 
predic8ons depends heavily on the relevance of the training data29,53. Therefore, for halogenated 
compounds, significantly beger results are obtained using models trained specifically on halogenated 
structures57. 

 

Figure 6.8 – Comparison of experimental TIMSCCSN2 values for eight selected halogenated contaminants with predicted 
values from various machine learning tools. The percentage predicDon error is shown in parentheses. 

Predicted CCS values using the CCSP 2.0 model were calculated for each tenta8ve level 3 structure (see 
"CCS pred" in Annex A). For HNP features (6, 7, 24, 25–27, and 35–36), which lacked experimental CCS 
values in exis8ng libraries, the predicted values were consistently in agreement with the 
experimentally measured CCS, falling within ±5% bias, providing addi8onal confidence in their 
tenta8ve iden8fica8on. Notably, for feature 6, the predic8on error for the HNP dimethoxy hexaBDE 
candidate was significantly lower than that for an alterna8ve isomeric candidate (+2.9% vs. +13.1%), 
further suppor8ng the proposed chemical class. However, for feature 24 (tenta8ve dimethoxy 
pentaBDE), features 12–16 (tenta8ve hexaBDEs), and features 17–23 (tenta8ve hexaBBs), the 
predicted CCS values for other isomeric candidate classes were also within ±5% of the experimental 
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values. In these cases, the predicted CCS values were therefore not discrimina8ve enough to rule out 
the alterna8ve candidate structures. 
Addi8onally, predicted CCS values were generated for the missing congeners of the HpBDE, HpBB, 
HxBDE, and HxBB classes (features 2–3, 4–5, 12–16, and 17–23), enabling the extension of their 
expected CCS ranges in CCS vs. m/z space compared to those established previously based solely on 
experimental values (Figure S6.7). These extended ranges supported the tenta8ve iden8fica8ons 
proposed in the previous sec8on for features corresponding to HxBBs, HpBDEs, and HpBBs, whose 
experimental CCS values fell within their respec8ve expected ranges. In the case of the tenta8ve HxBDE 
features, all but one (the feature with the lowest CCS) were within (or very close to) the predicted 
range, confirming the earlier suspicion that this feature may belong to a different compound class. 
 

6.3  - Conclusion 

In this study, we evaluated the capabili8es of gas chromatography-ion mobility-mass spectrometry 
(GC-IM-MS) combined with CCS-based priori8za8on and advanced data-dependent acquisi8on 
strategies, for the non-targeted analysis of halogenated pollutants in complex biological matrices. By 
leveraging the dis8nct separa8on of halogenated and non-halogenated features in the m/z vs 1/K₀ 
space, we developed a selec8ve approach to priori8ze both relevant features for further data 
processing and precursor ions for tandem MS acquisi8on.  

Altogether, the preliminary non-targeted data acquired from the blubber of this killer whale using the 
developed workflow strongly suggest the presence of a wide diversity of both known and likely 
unknown halogenated substances. These findings support the con8nued tenta8ve iden8fica8on of 
the remaining 179 classes and, more broadly, highlight the poten8al of IM-based non-targeted 
screening approaches for comprehensive environmental analysis. 

An automated workflow for the iden8fica8on step would be desirable to accelerate the overall 
process. Confidence in structural annota8ons could also be enhanced by integra8ng addi8onal 
iden8fica8on criteria, such as the comparison of acquired tandem mass spectra with spectral libraries 
or in silico interpreta8on tools36 (e.g., MetFrag58), as well as the determina8on of reten8on 8me 
indices (RTIs, such as PAH-based Lee indices59) for comparison with experimental or predicted values. 
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6.5  - SupporHng informaHon 
TABLES 
 

Table S6.1: GC parameters. 
 

Gas flow 1.5 mL/min, Helium 
Injec(on 1 !L, splitless 
Injector 

temperature 275°C 

Temperature 
program 

• 40°C, held 1 min 
• 310°C @ 7°C/min, held 20 min 

⇒	Total: 59.6 min 
 
Table S6.2: GC-APCI source parameters. 
 

Transfer line temperature 300°C 
Source temperature  300°C 
End plate offset -500 V 
Capillary -4500 V 
Corona +1000 nA 
Nebulizer 2.4 Bar 
Dry gas 1.5 L/min 
Dry temperature 175°C 

 
Table S6.3: TIMS parameters. 
 

Accumula(on (me (duty cycle %) 100 ms (50%) 
Ramp (me (spectra rate) 200 ms (~5 Hz) 
Accumula(on range  Same as analysis range 
Analysis range 1/K0 0.6 – 1.0 1/K0 

∆1/K0 = 0.40 
Tunnel pressure Entrance (P1) 3.04 mBar 

Exit (P2) 0.85 mBar 
∆P 2.19 mbar 

IM cell temperature Not available 
RF voltage 250 Vpp 
Transfer voltages D1 - 20 V 

D2 - 120 V 
D3 50 V 
D4 20 V 
D5 0 V 
D6 100 V 

 
Table S6.4: qTOF parameters. Three sets of parameters were used at different Dmes during the analysis to opDmize the 
transmission of both lower and higher m/z ions 
 

 Set 1 
Start – 26 min 

Set 2 
26 min – 34 

min 

Set 3 
34 min – end 

Funnel 2 RF 200 Vpp 250 Vpp 300 Vpp 
Mul(pole RF  200 Vpp 250 Vpp 300 Vpp 
Collision RF 800 Vpp 1000 Vpp 1200 Vpp 
Quadrupole energy 8 eV 9 eV 10 eV 
Collision cell energy 8 eV 9 eV 10 eV 
Collision cell in 190 V 190 V 190 V 
Transfert (me 55 µs 60 µs 70 µs 
Prepulse storage 7 µs 9 µs 11 µs 
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Table S6.5: PASEF parameters. 
 

PASEF scan 1 (cycle (me 0,41 sec) 
Precursor ion MS repe((on 1; cycle overlap 1 
Charge range  Polygon centered on halogenated POPs 
Intensity threshold 2000 
Scheduling Target intensity 20000 

Ac(ve exclusion ON: release aker 6s;  
reconsider if ra(o ≥4 

Exclusion window 0.015 m/z - 0.015 1/K0 
Isola(on width 1 m/z (200 Da) - 2 m/z (800 Da) 
Collision energy 40 eV (0.6 1/K0) - 50 eV (1 1/K0) 
Mobilogram Summa(on width 25, max number of peaks 3 

 
FIGURES 

 

Figure S6.1 – SchemaDc overview of the sample preparaDon workflow. 
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Figure S6.2 – SchemaDc overview of the feature idenDficaDon workflow. 
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Figure S6.3 – SuperposiDon of in-house 1/K0 reference values from ca. 200 halogenated compounds and 21 PAH standards 

onto the heatmap shown in Figure 3. 

 

 
Figure S6.4 – Heatmap #9074 showing feature m/z 412.812 and its associated pre/intra and post TIMS fragments. 
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Figure S6.5 –List of the mass-to-charge raDos of the 202 classes of halogenated compounds and their corresponding 
fragments. Precursor ions and their associated fragment(s) were grouped together, as indicated by the black lines. 
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Figure S6.6 – Comparison of the TIMSCCSN2 values of the tentaDvely idenDfied PBDEs (A) and PBBs (B) with those of the 

reference in-house values (found in Appendix F) in the CCS vs m/z space.  
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Figure S6.7 –Comparison of the TIMSCCSN2values of the tentaDvely idenDfied HxBDEs–HpBDEs (A) and HxBBs–HpBBs (B) with 
both in-house reference values and machine learning–predicted values in CCS vs. m/z space. Predicted CCS values for 

HxBDEs (n = 39), HpBDEs (n = 23), HxBBs (n = 40) and HpBBs (n = 22) were generated using the CCSP 2.0 model. 
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Chapter 7: 
General conclusion and outlook 
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The initial aims and objectives of this thesis were rooted in the context of environmental 
contamination by chemical pollutants - a persistent global issue, particularly concerning halogenated 
persistent organic pollutants1,2. These substances are well known for their toxicity, environmental 
persistence, and bioaccumulative nature. The introductory chapter provided a broad overview of the 
current strategies for monitoring and regulating such compounds, highlighting the need for analytical 
techniques that are both sensitive and selective3. Over the past decades, gas chromatography coupled 
with mass spectrometry (GC-MS) has remained the benchmark for the detection and quantification of 
semi-volatile POPs4. In particular, GC-quadrupole (GC-Q), triple quadrupole (GC-QqQ), and sector field 
MS configurations have been extensively employed in both regulatory frameworks and scientific 
research5. 

In addition, the thesis introduced ion mobility spectrometry (IMS) as an emerging and promising 
complementary separation technique6. When coupled with mass spectrometry (IM-MS), IMS adds a 
valuable orthogonal separation dimension, improving selectivity and increasing confidence in 
compound identification, particularly in complex matrices. Despite its potential, however, the 
application of IM–MS for environmental contaminant analysis, especially when hyphenated with gas 
chromatography, was still at a nascent stage when this doctoral research began7,8. Most existing 
applications were restricted to liquid chromatography-compatible compounds such as pesticides and 
pharmaceuticals, relied on lower-resolution IMS technologies (e.g., drift tube and travelling wave 
IMS), and were generally limited to qualitative analyses. 

This doctoral research was therefore undertaken to address these limitations and to expand the 
capabilities of IM-MS within the field of environmental chemistry. The research conducted to achieve 
these objectives is summarized and discussed in the following sections. 

Objec&ve I: development and op&miza&on of a GC-hyphenated IM-MS system 
suitable for GC-amenable compounds 
 
The methods were developed on a Bruker NmsTOF pro 2 hyphenated to a gas chromatograph via a GC-
APCI interface. First of all, it was found that the establishment of a robust CCS calibraNon procedure 
for this type of configuraNon proved to be essenNal due to the specific challenges introduced by the 
GC-APCI ion source (SecNon 3.2.1). The inability to perform direct infusion-based calibraNons, as 
commonly done with standard ESI or LC-APCI sources, necessitated the development of alternaNve 
strategies. IniNal efforts focused on transferring calibraNon coefficients determined with a different ion 
source (SecNon 3.2.1A). However, these experiments revealed that installing the GC-APCI source led 
to measurable shiZs in ion mobility values. These shiZs were primarily a[ributed to changes in the 
analyNcal driZ gas properNes, parNcularly a decrease in the entrance pressure caused by the high 
operaNng temperature of the GC-APCI source. 
  
To address this, an external calibraNon strategy using polycyclic aromaNc hydrocarbons (PAHs) was first 
implemented, showing strong linearity between measured TIMS CCS values and reference DTIMS 
values (SecNon 3.2.1B). However, the method's pracNcal drawbacks (such as high cost, toxicity, lengthy 
analysis Nme, and lack of real-Nme calibraNon) moNvated the search for a be[er alternaNve. 
Consequently, background siloxane ions, naturally present during GC runs, were invesNgated as 
internal calibrants (SecNon 3.2.1C). Five siloxane ions, whose CCS and 1/K0 were determined based on 
the external PAHs calibraNon, were eventually selected. The resulNng internal calibraNon strategy 
provides a fast, cost-free, and real-Nme calibraNon soluNon that also enables post-acquisiNon 
correcNon and extends to mass calibraNon, making them well suited for the analysis of halogenated 
POPs. 
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However, the accuracy of the developed calibraNon strategy was not evaluated. Although the CCS 
values obtained using this procedure were found to be highly reproducible over Nme, a quanNtaNve 
assessment of reproducibility was also not performed. To evaluate the accuracy of the method, one 
possible approach would be to compare the collision cross secNons of ions measured on the developed 
system with those obtained from a reference DTIMS instrument. Any discrepancies between the two 
sets of values could be explained by the empirical nature of the calibraNon procedure9, as the TIMSCCSN2 
PAHs values used in the external calibraNon procedure may have been acquired under different 
experimental condiNons (e.g., temperature, E/N regime) than those present in the reference DTIMS 
system10. AddiNonally, the CCS values of the siloxane ions were derived from a secondary calibraNon, 
which may introduce further bias. One way to improve this would be to directly measure the CCS of 
these siloxane ions on a reference DTIMS instrument. Regarding the assessment of reproducibility, the 
most robust approach would be to conduct an interlaboratory trial11. 

Second, the influence of multiple instrumental parameters on the performance of the TIMS analyzer 
in terms of resolving power, ion transmission, and fragmentation was systematically evaluated 
(Section 4.2.1). Among these, accumulation time emerged as a particularly sensitive parameter, 
requiring a careful balance between maximizing sensitivity and minimizing space charge effects 
(Section 4.2.1A). For most POP-related applications, accumulation times between 50 and 100 ms 
provided an optimal compromise, as longer times led to saturation (due to the presence of 
background siloxane ions) and signal suppression. However, in trace-level analyses, longer 
accumulation times, approaching the GC analysis time, remained advantageous for improving signal 
quality, despite the associated reduction in resolving power. It is expected that the enhanced ion 
storage capacity of next-generation TIMS cells will mitigate these limitations by enabling the trapping 
of a larger number of ions (e.g., Mobility Range Enhancement (MoRE) acquisition mode on the novel 
dual-stage TIMS-MX cell12). 

Ion confinement via the Funnel 1 RF voltage was found to have a mass-dependent impact on resolving 
power (Section 4.2.1B). Intermediate RF settings (150–250 Vpp) offered the best performance, 
ensuring efficient transmission across a wide m/z range while minimizing peak broadening from axial 
spreading and preventing peak tailing due to insufficient confinement of high-mass ions. 

Finally, DC voltages applied within the TIMS cell and downstream ion optics (quadrupole and collision 
cell) had a strong influence on ion transmission and fragmentation (Sections 4.2.1C and 4.2.1D). 
Careful tuning of these voltages was critical for maintaining efficient ion transport while limiting the 
extent of fragmentation. In particular, increasing the ‘collision cell in’ voltage markedly improved 
resolving power and reduced fragmentation by accelerating ion transit and enhancing extraction 
efficiency in the collision cell (Section 4.2.1E). 

Third, through systemaNc invesNgaNon of key experimental parameters including buffer gas velocity, 
ion accumulaNon and scan rate, we demonstrated how the TIMS resolving power could be significantly 
enhanced (SecNon 4.2.2). Notably, we showed that for small molecules like POPs, the entrance 
pressure of the TIMS cell which regulates the buffer gas velocity could be set a value higher than that 
recommended by the manufacturer, resulNng in an increased resolving power while not affecNng other 
performances (SecNon 4.2.2A). Next, we also found that the resolving power was strongly influenced 
by the quanNty of compound analyzed, and would drasNcally drop with increasing quanNNes, even at 
lower accumulaNon Nmes (SecNon 4.2.2B). Finally, we introduced and validated the sliding windows 
in ion mobility (SWIM) strategy13 (SecNon 4.2.2C). This method leverages the predictable correlaNon 
between retenNon Nme and collisional cross secNon among halogenated POPs to narrow the ion 
mobility range scanned in each retenNon Nme segment, thereby substanNally improving resolving 
power. The concept enabled a ~40% increase in resolving power relaNve to standard TIMS operaNon, 
all while maintaining accurate CCS measurements and consistent signal intensity.  
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While the SWIM method was successfully applied to mulNple subclasses of GC-amenable halogenated 
POPs in this thesis (10 subclasses in total), it also holds promise for broader applicaNon. The approach 
is parNcularly suitable for compound classes that exhibit well-defined trends in CCS versus retenNon 
Nme. In addiNon to the POPs analyzed in this study, we observed similar trends for saturated and 
unsaturated fa[y acid methyl esters (FAMEs; see Figure S4.11). Literature reports suggest that other 
classes, including PFAS14, PBDE metabolites15 and PAHs16, also exhibit such behavior. Preliminary work 
is already underway in our group to adapt the SWIM strategy to the analysis of LC-amenable PFAS. 
However, when applied to pesNcides, published CCS vs RT plots revealed weaker correlaNons17,18, likely 
due to the greater structural diversity of this compound class compared to the more homologous POPs 
invesNgated in this work. Moving forward, the availability of predicNve models for both CCS19 and 
retenNon Nme20 could be useful in assessing the feasibility of applying the SWIM methodology to 
addiNonal compound classes across food, environmental and biological matrices. 
 
Objec&ve II: characteriza&on of the ion mobili&es and collision cross sec&ons of 
halogenated POPs 
 
The ion mobility and fragmentaNon behavior of a broad range of halogenated POPs were 
systemaNcally characterized using the developed GC-APCI-TIMS-MS plakorm (SecNon 3.2.2). The study 
revealed consistent pa[erns in ionizaNon mechanisms, with charge transfer always prevailing over 
proton transfer (SecNon 3.2.2A). These mechanisms were shown to significantly influence ion mobility 
behavior. Radical molecular ions typically produced simpler, single-peak mobility spectra, whereas 
protonated species oZen exhibited more complex signatures, likely reflecNng the presence of mulNple 
protomers or conformers and/or dynamic adduct equilibria. For more structurally complex 
compounds, such as dechloranes and most organochlorine pesNcides (e.g., Drines, Chlordanes and 
Endosulfans), the ion mobility spectra of the radical molecular ions usually displayed mulNple peaks. 
This observaNon may also indicate the presence of several stable gas-phase conformers. The fact that 
some ions are characterized by mulNple or a distribuNon of peaks raises important quesNons about 
the appropriate representaNon of such species in CCS reference libraries (see Table A2 in Appendix E). 
 
FragmentaNon pa[erns further disNnguished compound classes (SecNon 3.2.2B). Simpler structures, 
such as dioxins and PCBs, yielded only a few fragment ions, whereas more complex compounds 
produced intricate ion mobility spectra with numerous fragments. Notably, the alignment of post-TIMS 
fragment ions with their corresponding precursor ions underscored the uNlity of ion mobility in 
elucidaNng simple fragmentaNon pathways. CollecNvely, the ion mobility spectra of (quasi)molecular 
precursor ions and their associated fragments may offer an addiNonal layer of structural evidence to 
support compound idenNficaNon in non-targeted environmental analyses (as demonstrated in SecNon 
6.2.2). 
 
Finally, the CCS values of halogenated POPs were examined and compared across mulNple structural 
levels (SecNon 3.2.2C). At the halogen type level, we observed a clear segregaNon in the m/z vs. CCS 
space between non-halogenated, chlorinated, and brominated compounds, which could be 
raNonalized by differences in their ‘molecular densiNes’. At the contaminant class level, specific trends 
in the m/z vs CCS space were idenNfied for each class of contaminants. Furthermore, it was found that 
for a given halogenaNon degree and type, halogenated dibenzo-p-dioxins and diphenyl ethers 
exhibited higher CCS values than their dibenzofuran and biphenyl counterparts, while halogenated 
naphthalenes displayed the lowest CCS values. At the congener level, halogenaNon degree was 
confirmed as the dominant factor influencing CCS. However, the high resoluNon of the TIMS 
technology also revealed subtle CCS differences among isomeric congeners. For some compound 
classes, these variaNons followed recognizable pa[erns - for instance, ortho subsNtuNon effects in 
halogenated biphenyls or subsNtuNon symmetry in halogenated dioxins and furans. AddiNonal insights 
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into the structural basis of these pa[erns could be gained through molecular modeling and 
conformaNonal analysis21,22. 
 
In the future, conNnued ion mobility characterizaNon of addiNonal classes of halogenated POPs will 
contribute to the development of more comprehensive and structurally informaNve CCS libraries, 
ulNmately enhancing the capabiliNes of both targeted and non-targeted screening workflows for these 
environmental contaminants (including the predicNon accuracies of machine learning CCS predicNon 
tools). 
 
Objec&ve III: evalua&on of the analy&cal benefits of using a high-resolu&on IM 
technology, TIMS, for both the targeted and untargeted analysis of halogenated 
contaminants 
 
A central focus of this thesis was the evaluaNon of the high-resoluNon ion mobility method developed 
to address GC coeluNng isobaric and isomeric species, which remain a significant challenge in the 
idenNficaNon and quanNficaNon of pollutants in complex matrices using chromatographic–mass 
spectrometric techniques. Overall, the results demonstrated that ion mobility is a powerful tool for 
discriminaNng coeluNng isobars, even at moderate resolving powers around 100 (Section 5.2.2B). The 
method also showed promise in parNally resolving isomeric fragment interferences. However, it was 
found that most coeluNng isomeric POPs could not be separated, even when the instrument was 
operated in (ultra)high-resoluNon mode (~200), due to their minimal CCS differences, typically well 
below 1%. While emerging cyclic and SLIM TWIMS plakorms have demonstrated excepNonally high 
resolving powers23,24 (>500) which could potenNally resolve some of these coeluNons, their effecNve 
implementaNon in front-end chromatographic hyphenaNon applicaNons has yet to be established25,26. 
 
AddiNonally, in the non-targeted analysis of halogenated compounds in the blubber of a stranded killer 
whale, the clear separaNon of halogenated from non-halogenated compounds in the m/z vs 1/K0 space 
enabled the development of a selecNve prioriNzaNon strategy to extract halogenated features, as well 
as an effecNve exclusion of background and non-halogenated signals during precursor ion selecNon 
using the advanced DDA-PASEF tandem MS mode (Section 6.2.1). While the prioriNzaNon approach 
was highly effecNve in capturing relevant halogenated signals (including in-source fragments) the 
visual, manual data curaNon process was notably labor-intensive and would greatly benefit from 
automaNon. One potenNal improvement could involve implemenNng a post-peak-picking filtering 
strategy, similar to the one introduced by MacNeil et al26. 

In terms of compound identification, CCS values proved highly beneficial for both targeted and non-
targeted approaches. In the quantitative analysis of dioxins and PCBs in fat and oil samples, the small 
difference in CCS (<0.5%) between the native analytes and their corresponding 13C-labeled internal 
standards strongly supported the use of CCS as an additional confirmation criterion, either in 
conjunction with or as an alternative to retention time differences (∆RT) and isotopic ratios (Section 
5.2.2A). In the non-targeted analysis of the killer whale sample, the comparison of experimental CCS 
values of tentative PBDE and PBB features with their corresponding reference CCS vs m/z trendlines 
provided further confidence in their classification (Section 6.2.2). 

The performance of machine learning-based CCS prediction tools as a means to enhance structural 
elucidation were also evaluated (Section 6.2.3). Among the four models tested, CCSP 2.0 showed 
superior performance, likely due to its training on halogenated compounds. This outcome highlighted 
a critical limitation of ML models: prediction accuracy is highly dependent on the relevance of the 
training data to the chemical class of interest. 



  185 

As such, CCSP 2.0 was used to predict CCS values for level 3 candidate structures. These predicted CCS 
values provided additional confidence in the tentative identification of several features, especially for 
the halogenated natural products that were lacking reference data in CCS libraries. In one case, 
predictions were discriminative enough to support a specific structural assignment over another. 
However, in others, predicted CCS values were consistent for multiple isomeric candidates and could 
not rule out alternative structures. 

Additionally, missing CCS values for congeners of the HpBDE, HpBB, HxBDE, and HxBB classes were 
predicted and used to extend their expected CCS ranges. These extended ranges further supported 
previous annotations and confirmed the presence of one outlier among the HxBDE features, which 
may belong to a different compound class. 

Finally, beyond CCS values, additional information derived from ion mobility spectra was shown to 
add value in the structural elucidation process (Section 6.2.2). This included the shape and number of 
peaks, as well as the relative positions and alignment of IM peaks for both precursor ions (radical and 
protonated) and their corresponding fragment ions. Taken together, these ion mobility spectra can 
serve as a kind of “fingerprint” specific to a given compound or compound class. 

Objec&ve IV: assessment of the plaForm’s performance for quan&fying trace levels 
of halogenated pollutants in complex matrices. 

The quantitative capabilities of the developed GC-APCI trapped ion mobility TOF platform were 
evaluated for the determination of ultra-trace levels of polychlorinated dibenzo-p-dioxins and 
polychlorinated biphenyls in three fat-based proficiency test samples (fish oil, palm oil, and milk fat), 
in accordance with the criteria set by Commission Regulation (EU) 2017/64427 (Section 5.2.1). 

Linearity was confirmed across broad dynamic ranges, and both instrumental and method limits of 
quantification reached low levels consistent with concentrations typically found for these 
contaminants (Section 5.2.1A). Intermediate precision (RSDR) remained within regulatory thresholds 
in 97% of cases. Additionally, 80% of PCDD/F and over 87% of PCB measurements met trueness 
requirements, with summed WHO2005-TEQ and NDL-PCB concentrations closely aligning with the 
reference proficiency test values (Section 5.2.1B). 

Overall, while the method showed slightly reduced performance for ultra-trace dioxins compared to 
the reference GC-HRMS sector instrument, it delivered accurate quantification and enhanced 
selectivity. These results highlight the strong potential of TIMS-TOF technology for quantitative 
contaminant analysis in food safety applications. This supports and encourages the development of 
quantitative analyses for other types of contaminants/matrices, as well as for alternative IM-MS 
platforms. 

Conclusion 

This thesis has demonstrated the strong potential of a GC-APCI-TIMS-MS platform for the advanced 
analysis of halogenated persistent organic pollutants. From developing a robust calibration strategy 
and optimizing key instrumental parameters to introducing the SWIM approach and characterizing ion 
mobility behavior across multiple POP classes, the work has expanded both the technical capabilities 
and applications of IM-MS. The added selectivity and confidence in identification, coupled with 
regulatory-compliant quantification in complex food matrices, underline the platform’s value for both 
targeted and non-targeted applications. These findings not only validate GC-IM-MS as a powerful tool 
for halogenated contaminant analysis but also encourage its broader adoption across diverse analyte 
classes and IM-MS technologies. This is further reinforced by recent developments of GC-IM-MS 
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platforms for environmental screening16,26,28–30. Altogether, such powerful multidimensional analytical 
platforms will offer a promising solution to the enduring challenge of detecting pollutants in complex 
samples. 
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Appendix A: GC-APCI-TIMS-TOF instrumentation and 
schematics 

 

 
Figure A1 – Photograph of the GC-APCI-TIMS-TOF instrument setup taken in the laboratory. (1 = Bruker/Varian 456 GC gas 

chromatograph; 2 = Bruker Apollo GC-APCI II ion source; 3 = Bruker timsTOF  pro 2 mass spectrometer) 

 

 
Figure A2 – Close-up photograph of the GC-APCI interface. 

 

 
Figure A3 - Close-up photographs of the APCI ion source. 
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Figure A4 – Schematic of the interior of the timsTOF Pro 2 instrument. Parameters optimized in Chapter I, Part B are 
highlighted in dark green. 
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Appendix B: Calibration equation in TIMS 
 
During a TIMS experiment, the total time, ttot, from when an ion of mobility K is trapped to when it is 

detected by the TOF mass spectrometer, is given by1 

 

!!"! = !# +	!$ +	!!"% 
 

(A1) 

where: 

- !! is the elution time: the time required for the magnitude of the electric field on the 

plateau Eplateau to reach the trapping electric field Etrap  value characteristic of that ion 

during the elution phase (Section 1.3.3D). In other words, it is the time at which the ion 

will start to elute from the TIMS cell. It is given by: 

 

!! =	
$"	 − $$%&'

&
 

 

(A2) 

where: 

• $"	is the initial electric field strength on the plateau during the trapping 

phase (i.e., before the elution phase).  

• $$%&' is the electric field magnitude at which the ion is trapped. It is given by 

equation 1.11 

• & is the scan rate (i.e., the rate at which the electric field on the plateau is 

linearly decreased in V/m.s during the elution phase) 

 

Substituting $$%&' according to equation 1.11 yields: 

 

!! =	
$"	 −

'(
(

&
 

 

(A3) 

- !' is the plateau time: the time required for the ion to traverse the plateau during its 

elution from the TIMS cell. It is mobility dependent. 

- !$)* is the time that spans between the moment the ion exits the plateau and the 

moment it is detected at the MCP detector. It is mass and mobility dependent. 

 

The strength of the electric field on the plateau when an ion hits the detector after a time ttot is 

therefore given by: 

 

$+!$!,$-). = $"	 − &!&'&	 
 

(A4) 

In practice, what is measured is the potential difference across the electrodes of the plateau ∆*, not 

the electric field. Rewriting equation A4 in terms of voltage gives: 

 

∆*+!$!,$-).
+'

=
∆*"	
+'

− &!&'&	 
 

⇔ ∆*+!$!,$-). = ∆*"	 − &∆0!&'& (A5) 

 

where: 

- +' is the physical length of the plateau region 
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- &∆0 = &+'	 is the rate at which the voltage on the plateau is linearly decreased in V/s 

during the elution phase 

 

Inserting equation A1 gives: 

 

∆*+!$!,$-). = ∆*"	 − &∆0 	(!( +	!) +	!&'*) 
 

(A6) 

At this stage, it is relevant to make two approximations1: 

• !' can be neglected in comparison to !! 

• !$)* can be considered constant for all ions 

 

One then obtains: 

∆*+!$!,$-). ≃ ∆*"	 − &∆0	!&'* 	− &∆0	!( 
 
Substituting for !!: 

 

∆*+!$!,$-). ≃ ∆*"	 − &∆0	!&'* 	− &∆0
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(
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⇔ ∆*+!$!,$-). ≃ ∆*"	 − &∆0	!&'* 	− ∆*"	 + +'
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(

 

 

⇔ ∆*+!$!,$-). ≃ −&∆0	!&'* 	+ +'
'(
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Replacing ( by its reduced form	(" = ( 1
1!

 yields the calibration equation: 
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(A7) 

 

⇔ ∆*+!$!,$-). ≃ 3 + 4
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Appendix C: General principles of gas chromatography2 
 

Figure A5 depicts the general appearance of a gas chromatograph and its main components. During a 

typical GC analysis, the sample containing the compounds to be separated is introduced into the gas 

chromatograph through the injector port. Separation of compounds then takes place in the heated 

chromatographic column, at the end of which a detector is located (e.g., MS, FID, ECD).  

 

 
Figure A5 - Schematic representation of a gas chromatograph and its main components. Adapted from reference [2]. 

 
Sample injection 
 
Sample introduction is usually carried out by injecting a small volume of diluted liquid or air sample 

through the septum of the injector port with a microsyringe. This step can be performed either 

manually or automatically using an autosampler. 

 

Split and splitless injection are the two most common injection techniques (Figure A6). In both cases, 

a liner, which is a silanized glass tube inside the injector, is maintained at a high temperature relative 

to the boiling temperature of solvent and analytes in order to quickly evaporate them. 

 

 

 
 

Figure A6 - Split (A) and splitless (B) injection. The septum purge flow prevents degradation products of the hot rubber 
septum from contaminating the liner. It also removes excess sample vapor. Adapted from reference [2]. 
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In split injection (Figure A6A), a small fraction (∼ 0.2 to 2%) of the vaporized sample is quickly swepted 

through the chromatographic column with a brisk flow of carrier gas. The proportion of sample that 

doesn’t reach the column, called the split ratio, is defined by the operator by varying the flow of gas 

exiting the split vent during the injection. This mode of injection is particularly adapted to analyse 

concentrated and/or dirty samples. 

 

In splitless injection (Figure A6B), the split vent is closed during the injection and most of the sample 

is eventually transferred to the column (∼ 80%). It is therefore more convenient for trace analysis. 

Because the carrier gas flow is greatly reduced compared to split injection, the residence time of the 

sample in the liner is much longer. Consequently, to avoid peak broadening, the split vent is opened 

after a given time (e.g., 45 sec) to flush the remaining sample content out of the liner. Moreover, the 

initial column temperature is usually maintained at least 40°C below the boiling point of the solvent 

in order to recondense and focus the analytes at the beginning of the column. This plug of solvent 

traps the analytes in a narrow band and limits peak broadening. 

 
 
Chromatographic separation 
 

Chromatographic column 
 
In chromatography, separation of analytes take place in a chromatographic column. In partition gas 

chromatography, this column is usually a long (15 to 100 m) glass capillary coated on the outside with 

a polyimide polymer*. Inside this capillary is a stationary phase which is a high molecular weight non 

volatile liquid bonded on the walls of the column (in the case of wall-coated open tubular columns, 

Figure A7A).  

 
Figure A7 – (A) Cross section of a wall-coated open tubular column. (B) Representation of the chemical structure of a small 
part of a (Diphenyl)(dimethyl)-polysiloxane stationary phase. This type of non polar phase only interacts by simple van der 

Waal forces with the eluting compounds. Adapted from reference [2]. 

The chemical nature of the stationary phase is an important aspect of GC because it changes the 

affinity of the column for the analyte through non polar van der Waals forces, dipole-dipole 

interactions and/or even hydrogen bonding. The choice of the stationary phase will therefore depend 

on the physico-chemical properties of the analytes under study. Non polar compounds (petroleum 

products, pesticides, polychlorinated pollutants,…) are more adequately separated on non polar 

stationary phases whereas more polar molecules (amines, some flavors,…) usually require an 

intermediate or a strongly polar one. The chemical structure of a widely used non polar stationary 

phase is shown in Figure A7B. 
 
 

 
* This heat resistant polymer provides mechanical support and protection from atmospheric moisture. 
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Basic principles of separation 
 
For most types of chromatography, the procedure of separation relies on the relative time spent by 

analytes between the mobile phase and the stationary phase. The mobile phase in gas 

chromatography corresponds to the carrier gas (helium, nitrogen or hydrogen) that transports 

analytes through the column while the stationary phase is the immobilized high molecular weight non 

volatile liquid described above. The more time a compound is retained in the stationary phase, the 

later it will elute from the column (i.e., the greater its retention time tR will be). In practice, this 

behaviour is quantified for a given compound by its retention factor k  
 

6 =
!2$&$-)
!3)4-5!

 

 

(A9) 

where: 

- !2$&$-) is the time spent by a compound in the stationary phase 

- !3)4-5! is the time spent by a compound in the mobile phase 

 

Two important thermodynamic factors govern the retention of a given compound in GC (equation A9). 

The dominating factor is the enthalpy of vaporization (∆H°vap) of the particular compound, which is 

closely related to the boiling point of the compound: the higher the boiling temperature, the higher 

the enthalpy of vaporization. As a consequence, volatile molecules, which have low boiling points, 

tend to be less retained than nonvolatile compounds and elute first. However, the second 

thermodynamic factor, the enthalpy of mixing (∆H°mix), should also be taken into account. This factor 

is related to the interactions discussed previously between the stationary phase and the compounds 

passing along the column: the stronger the interactions between the two, the higher the enthalpy of 

mixing and the greater the retention. 

 

ln 6 =
∆96&'"

:;
+
∆93-7"

:;
+ <=>?!3>! 

 

(A10) 

Temperature program 
 
Most GC separations are performed using a temperature program, where the oven temperature is 

gradually increased during the analysis to improve the separation of compounds with different 

volatilities. Rather than maintaining a constant temperature (isothermal operation), the program 

begins at a lower temperature to separate volatile compounds, then increases the temperature at a 

controlled rate to elute heavier or less volatile components more efficiently. This approach enhances 

resolution, reduces analysis time, and prevents thermal degradation of sensitive analytes, making it 

ideal for complex mixtures with a wide range of boiling points. 
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Appendix D: General principles of GC-APCI3,4 
 

 
Figure A8 - Schematic representation of a GC-APCI source. 

 
The typical design of a GC-APCI source is shown in Figure A8. The gas effluent from the transfer line 

capillary is introduced into the ionization chamber along with a flow of nitrogen from the nebulizer, 

which serves as the reagent gas. A plasma of N2+. and N4+. reagent ions is generated at the tip of a 

high-voltage corona needle positioned directly in front of the capillary. The formation of this 

nitrogen plasma occurs according to the following scheme: 

 

18 +	@,)%).&9 →	18:. + 2@9	 
 

18:. +	18 +18	(=%+	4)+>) →	1@:. +18	(=%+	4)+>)	 
 

Ionization of analytes as they pass through the nitrogen plasma can occur through different 

mechanisms, depending on both the physicochemical properties of the target molecule and the 

source conditions. In positive mode, ion formation typically occurs via either proton transfer or charge 

transfer. 

 

Proton transfer 
 

Proton transfer involves the transfer of a proton (H+) from a proton donor (PD) to the target analyte 

(M). This process is favored when the gas-phase proton affinity (PA)† of the analyte is higher than that 

of the proton donor. 

 

C + [EF + 9]: → [C +9]: + EF	 
 

Proton donors are usually water clusters, although clusters of other protic solvents (such as methanol) 

can also fulfill this role. These protic solvents may originate from trace impurities in the ionization 

chamber (for example, water vapor) or can be intentionally introduced by various means (e.g., placing 

an open vial of solvent inside the ion source). 

 

The sequence of reactions leading to solvent cluster formation in APCI is illustrated below, using water 

as an example. It begins with an electron transfer between N4+. and a water molecule: 

 

 
† The gas phase proton affinity (PA) is the negative enthalpy change of the transfer of a proton to a molecule M 
in the gas phase:   !+	$! 	→ [! + $]!   PA (M) = -DH0

r 
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1@:. +98H → 2	18 +	98H:. 
 

The resulting water radical cation then reacts with a neutral water molecule to form the hydronium 

ion (H3O
+): 

 

98H:. +98H → 9=H: + 	H9. 
 

This ion subsequently clusters with additional neutral water molecules, forming water clusters of 

various sizes:  

 

9=H: + >98H → [(98H). +9]: 

 

The relative abundances of these clusters depend on source conditions such as water concentration, 

temperature, and dwell time. Smaller water clusters are more acidic, making them more efficient 

proton donors for the proton transfer process. 

 

Charge transfer 
 

Charge transfer usually occurs with analytes of low polarity which are characterized by an ionization 

energy (IE) lower than the recombination energy (RE)‡ of N4+.. In this case, electron transfer takes place 

directly from the nitrogen radical cation to the analyte, resulting in the formation of the molecular ion 

(M+.):  

 

C +1@:. → C:. + 218 

 

 

 

 

 

 

 

 

 
 
 

 
 

 
  

 
‡ The recombinaison energy (RE) of the radical cation X+. corresponds to the negative of the enthalpy of its 
recombinaison with an electron:  (!. +	)# 	→ (   RE (X) = -DH0

r 
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Appendix E: General principles of time-of-flight (TOF) mass 
spectrometry3 

 
The basic principle of a time-of-flight (TOF) analyzer is relatively simple: ions are accelerated by a high-

voltage pulse, imparting them the same kinetic energy. They then enter a field-free flight tube of fixed 

length. Because ions with lower mass-to-charge (m/z) ratios travel faster than heavier ones at equal 

kinetic energy, they reach the detector at the end of the tube earlier (i.e., their flight time is shorter). 

The direct relationship between flight time and m/z allows for accurate determination of an ion’s m/z 

value. The mathematical relationship between an ion’s flight time and its m/z ratio is shown below. 

 

!*5-(A$ =
+

√2@Δ*
× L

M
N

  

(A11) 

where: 

- + is the length of the flight tube (in meters) 

- @ is the electron charge (1.60217663 × 10-19 C) 

- Δ* is the acceleration voltage (in Volts) 

- M is the ion mass (in kg) 

- N is the ion charge (in C)  

 

Due to its inherently pulsed nature, the TOF analyzer is readily compatible with pulsed ionization 

sources such as MALDI. Nonetheless, TOF analyzers can also be combined with intrinsically non pulsed 

ionization techniques if there is a mean for periodically extracting the ions in a pulsed manner from 

the continuous ionic beam generated by these types of sources (e.g., API methods). The design of 

orthogonal acceleration (oa) TOF analyzers, mainly developed at the beginning of the 1990s, enables 

such a combination (Figure A9). 

 

 

 
Figure A9 - Schematic representation of an orthogonal acceleration time-of-flight mass spectrometer. 
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oaTOF analyzers proceed via a two-step cycle : 

• Filling phase: ions emitted continuously from the ion source are focused in a narrow, parallel 

beam by ion optics and ion guides and fill the first stage of the orthogonal accelerator known 

as the extraction volume. Because this space is initially field-free, ions just follow the initial 

direction of the ionic beam. 

• Extraction phase: periodically, a pulse voltage is applied to a plate that is parallel to the ion 

beam, pushing a package of ions in a direction nearly orthogonal to their initial motion. These 

ions then reach the acceleration region where they will be further accelerated before entering 

the field-free region of the flight tube where TOF separation occurs. 

 

While the TOF separation takes place, the extraction volume is refilled with the continuous ion beam. 

Once the higher m/z ratio ions have reached the detector, a new pulse voltage is applied to the 

orthogonal acceleration plate and the next package of ions is sent to the drift tube. Overall, this filling 

and extraction cycle can be repeated up to several thousands times per second (e.g., 10 kHz). 

 

Modern oaTOF instruments are equipped with so-called reflectrons. These act as ion mirrors to 

refocus ions with the same m/z ratio but with slightly different kinetic energies, thereby greatly 

enhancing resolution. Moreover, a quadrupole mass analyzer and a collision cell are sometimes 

included in front of the TOF analyzer to perform tandem mass experiments (Q-TOF hybrid 

instruments). The main assets of modern oaTOF instruments are high sensitivity, spectral acquisition 

rate, resolving power (∼30 000 - 100 000) and mass accuracies (a few ppm or less). 
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Appendix F: CCS library 
 

Table A1 – Experimental TIMSCCSN2 of halogenated POP compounds exhibiting low degrees of fragmentation. 

Compound 
class Compound name InChiKey 

Molecular ion 

Ion type TIMSCCSN2 
[Å2] 

PCBs 2-Chlorobiphenyl (PCB 1) LAXBNTIAOJWAOP-
UHFFFAOYSA-N [M]+. 133.9 

4-Chlorobiphenyl (PCB 2) FPWNLURCHDRMHC-
UHFFFAOYSA-N [M]+. 134.1 

2,2'-Dichlorobiphenyl (PCB 4) JAYCNKDKIKZTAF-
UHFFFAOYSA-N [M]+. 140.3 

2,4'-Dichlorobiphenyl (PCB 8) UFNIBRDIUNVOMX-
UHFFFAOYSA-N [M]+. 141.0 

2,6-Dichlorobiphenyl (PCB 10) IYZWUWBAFUBNCH-
UHFFFAOYSA-N [M]+. 140.3 

4,4'-Dichlorobiphenyl (PCB 15) YTBRNEUEFCNVHC-
UHFFFAOYSA-N [M]+. 141.8 

2,2',3-Trichlorobiphenyl (PCB 16) XVIZMMSINIOIQP-
UHFFFAOYSA-N [M]+. 146.9 

2,2',5-Trichlorobipheny (PCB 18) DCMURXAZTZQAFB-
UHFFFAOYSA-N [M]+. 147.6 

2,2',6-Trichlorobiphenyl (PCB 19) MVXIJRBBCDLNLX-
UHFFFAOYSA-N [M]+. 145.3 

2,3,4'-Trichlorobiphenyl (PCB 22) ZMHWQAHZKUPENF-
UHFFFAOYSA-N [M]+. 147.8 

2,4,4'-Trichlorobiphenyl (PCB 28) BZTYNSQSZHARAZ-
UHFFFAOYSA-N [M]+. 149.0 

2,4',5-Trichlorobiphenyl (PCB 31) VAHKBZSAUKPEOV-
UHFFFAOYSA-N [M]+. 149.0 

2,3',4'-Trichlorobiphenyl (PCB 33) RIMXLXBUOQMDHV-
UHFFFAOYSA-N [M]+. 148.1 

3,4,4'-Trichlorobiphenyl (PCB 37) YZANRISAORXTHU-
UHFFFAOYSA-N [M]+. 149.2 

2,2',3,3'-Tetrachlorobiphenyl (PCB 
40) 

VTLYHLREPCPDKX-
UHFFFAOYSA-N [M]+. 153.4 

2,2',3,4-Tetrachlorobiphenyl (PCB 
41) 

SEWHDNLIHDBVDZ-
UHFFFAOYSA-N [M]+. 152.9 

2,2',3,5'-Tetrachlorobiphenyl (PCB 
44) 

ALDJIKXAHSDLLB-
UHFFFAOYSA-N [M]+. 154.7 

2,2',4,5'-Tetrachlorobiphenyl (PCB 
49) 

ZWPVHELAQPIZHO-
UHFFFAOYSA-N [M]+. 155.0 

2,2',5,5'-Tetrachlorobiphenyl (PCB 
52) 

HCWZEPKLWVAEOV-
UHFFFAOYSA-N [M]+. 155.8 

2,2',6,6'-Tetrachlorobiphenyl (PCB 
54) 

PXAGFNRKXSYIHU-
UHFFFAOYSA-N [M]+. 150.6 
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2,3,4,4'-Tetrachlorobiphenyl (PCB 
60) 

XLDBTRJKXLKYTC-
UHFFFAOYSA-N [M]+. 153.8 

2,3',4,4'-Tetrachlorobiphenyl (PCB 
66) 

RKLLTEAEZIJBAU-
UHFFFAOYSA-N [M]+. 155.2 

2,3',4',5-Tetrachlorobiphenyl (PCB 
70) 

KENZYIHFBRWMOD-
UHFFFAOYSA-N [M]+. 156.1 

2,4,4',5-Tetrachlorobiphenyl (PCB 
74) 

TULCXSBAPHCWCF-
UHFFFAOYSA-N [M]+. 155.2 

3,3',4,4'-Tetrachlorobiphenyl (PCB 
77) 

UQMGJOKDKOLIDP-
UHFFFAOYSA-N [M]+. 156.4 

3,4,4',5-Tetrachlorobiphenyl (PCB 
81) 

BHWVLZJTVIYLIV-
UHFFFAOYSA-N [M]+. 155.9 

2,2',3,3',6-Pentachlorobiphenyl 
(PCB 84) 

QVWUJLANSDKRAH-
UHFFFAOYSA-N [M]+. 158.5 

2,2',3,4,4'-Pentachlorobiphenyl 
(PCB 85) 

LACXVZHAJMVESG-
UHFFFAOYSA-N [M]+. 159.9 

2,2',3,4,5'-Pentachlorobiphenyl 
(PCB 87) 

OPKYDBFRKPQCBS-
UHFFFAOYSA-N [M]+. 160.6 

2,2',3,4',5-Pentachlorobiphenyl 
(PCB 90) 

SUOAMBOBSWRMNQ-
UHFFFAOYSA-N [M]+. 161.3 

2,2',3,5',6-Pentachlorobiphenyl 
(PCB 95) 

GXNNLIMMEXHBKV-
UHFFFAOYSA-N [M]+. 159.6 

2,2',3,4',5'-Pentachlorobiphenyl 
(PCB 97) 

JTUSORDQZVOEAZ-
UHFFFAOYSA-N [M]+. 160.4 

2,2',4,5,5'-Pentachlorobiphenyl 
(PCB 101) 

LAHWLEDBADHJGA-
UHFFFAOYSA-N [M]+. 161.3 

2,2',4,6,6'-Pentachlorobiphenyl 
(PCB 104) 

MTCPZNVSDFCBBE-
UHFFFAOYSA-N [M]+. 156.5 

2,3,3',4,4'-Pentachlorobiphenyl 
(PCB 105) 

WIDHRBRBACOVOY-
UHFFFAOYSA-N [M]+. 160.6 

2,3,3',4',6-Pentachlorobiphenyl 
(PCB 110) 

ARXHIJMGSIYYRZ-
UHFFFAOYSA-N [M]+. 160.6 

2,3,4,4',5-Pentachlorobiphenyl (PCB 
114) 

SXZSFWHOSHAKMN-
UHFFFAOYSA-N [M]+. 160.2 

2,3',4,4',5-Pentachlorobiphenyl 
(PCB 118) 

IUTPYMGCWINGEY-
UHFFFAOYSA-N [M]+. 162.2 

2,3',4,4',6-Pentachlorobiphenyl 
(PCB 119) 

OAEQTHQGPZKTQP-
UHFFFAOYSA-N [M]+. 160.9 

2,3',4,4',5'-Pentachlorobiphenyl 
(PCB 123) 

YAHNWSSFXMVPOU-
UHFFFAOYSA-N [M]+. 161.6 

3,3',4,4',5-Pentachlorobiphenyl 
(PCB 126) 

REHONNLQRWTIFF-
UHFFFAOYSA-N [M]+. 162.9 

2,2',3,3',4,4'-Hexachlorobiphenyl 
(PCB 128) 

BTAGRXWGMYTPBY-
UHFFFAOYSA-N [M]+. 165.3 

2,2',3,3',4,5-Hexachlorobiphenyl 
(PCB 129) 

VQQKIXKPMJTUMP-
UHFFFAOYSA-N [M]+. 165.3 

2,2',3,3',5,6'-Hexachlorobiphenyl 
(PCB 135) 

UUTNFLRSJBQQJM-
UHFFFAOYSA-N [M]+. 165.4 
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2,2',3,4,4',5-Hexachlorobiphenyl 
(PCB 137) 

CKLLRBPBZLTGDJ-
UHFFFAOYSA-N [M]+. 166.1 

2,2',3,4,4',5'-Hexachlorobiphenyl 
(PCB 138) 

RPUMZMSNLZHIGZ-
UHFFFAOYSA-N [M]+. 166.4 

2,2',3,4,5,5'-Hexachlorobiphenyl 
(PCB 141) 

UCLKLGIYGBLTSM-
UHFFFAOYSA-N [M]+. 166.9 

2,2',3,4',5',6-Hexachlorobiphenyl 
(PCB 149) 

LKHLFUVHHXCNJH-
UHFFFAOYSA-N [M]+. 165.4 

2,2',3,5,5',6-Hexachlorobiphenyl 
(PCB 151) 

UHCLFIWDCYOTOL-
UHFFFAOYSA-N [M]+. 166.0 

2,2',4,4',5,5'-Hexachlorobiphenyl 
(PCB 153) 

MVWHGTYKUMDIHL-
UHFFFAOYSA-N [M]+. 167.4 

2,2',4,4',6,6'-Hexachlorobiphenyl 
(PCB 155) 

ICOAEPDGFWLUTI-
UHFFFAOYSA-N [M]+. 163.9 

2,3,3',4,4',5-Hexachlorobiphenyl 
(PCB 156) 

LCXMEXLGMKFLQO-
UHFFFAOYSA-N [M]+. 167.2 

2,3,3',4,4',5'-Hexachlorobiphenyl 
(PCB 157) 

YTWXDQVNPCIEOX-
UHFFFAOYSA-N [M]+. 167.1 

2,3,3',4,4',6-Hexachlorobiphenyl 
(PCB 158) 

ZQUPQXINXTWCQR-
UHFFFAOYSA-N [M]+. 166.4 

2,3',4,4',5,5'-Hexachlorobiphenyl 
(PCB 167) 

AZXHAWRMEPZSSV-
UHFFFAOYSA-N [M]+. 168.5 

2,3',4,4',5',6-Hexachlorobiphenyl 
(PCB 168) 

PITHIPNORFGJPI-
UHFFFAOYSA-N [M]+. 167.4 

3,3',4,4',5,5'-Hexachlorobiphenyl 
(PCB 169) 

ZHLICBPIXDOFFG-
UHFFFAOYSA-N [M]+. 169.6 

2,2',3,3',4,4',5-Heptachlorobiphenyl 
(PCB 170) 

RMPWIIKNWPVWNG-
UHFFFAOYSA-N [M]+. 171.4 

2,2',3,3',4,4',6-Heptachlorobiphenyl 
(PCB 171) 

TZMHVHLTPWKZCI-
UHFFFAOYSA-N [M]+. 170.0 

2,2',3,3',4,5,6'-Heptachlorobiphenyl 
(PCB 174) 

ZDLMBNHYTPHDLF-
UHFFFAOYSA-N [M]+. 170.2 

2,2',3,3',4,5',6'-Heptachlorobiphenyl 
(PCB 177) 

CXOYNJAHPUASHN-
UHFFFAOYSA-N [M]+. 170.7 

2,2',3,3',5,5',6-Heptachlorobiphenyl 
(PCB 178) 

WCIBKXHMIXUQHK-
UHFFFAOYSA-N [M]+. 172.0 

2,2',3,4,4',5,5'-Heptachlorobiphenyl 
(PCB 180) 

WBHQEUPUMONIKF-
UHFFFAOYSA-N [M]+. 172.6 

2,2',3,4,4',5',6-Heptachlorobiphenyl 
(PCB 183) 

KQBFUDNJKCZEDQ-
UHFFFAOYSA-N [M]+. 171.4 

2,2',3,4',5,5',6-Heptachlorobiphenyl 
(PCB 187) 

UDMZPLROONOSEF-
UHFFFAOYSA-N [M]+. 171.9 

2,2',3,4',5,6,6'-Heptachlorobiphenyl 
(PCB 188) 

MMTJWDQKGUNSDK-
UHFFFAOYSA-N [M]+. 168.7 

2,3,3',4,4',5,5'-Heptachlorobiphenyl 
(PCB 189) 

XUAWBXBYHDRROL-
UHFFFAOYSA-N [M]+. 173.4 

2,3,3',4,4',5',6-Heptachlorobiphenyl 
(PCB 191) 

TVFXBXWAXIMLAQ-
UHFFFAOYSA-N [M]+. 172.4 
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2,3,3',4',5,5',6-Heptachlorobiphenyl 
(PCB 193) 

SSTJUBQGYXNFFP-
UHFFFAOYSA-N [M]+. 172.6 

2,2',3,3',4,4',5,5'-
Octachlorobiphenyl (PCB 194) 

DTMRKGRREZAYAP-
UHFFFAOYSA-N [M]+. 178.0 

2,2',3,3',4,5,5',6'-
Octachlorobiphenyl (PCB 199) 

HJBYDWKNARZTMJ-
UHFFFAOYSA-N [M]+. 177.1 

2,2',3,3',4,5',6,6'-
Octachlorobiphenyl (PCB 201) 

LJQOBQLZTUSEJA-
UHFFFAOYSA-N [M]+. 174.7 

2,2',3,3',5,5',6,6'-
Octachlorobiphenyl (PCB 202) 

JPOPEORRMSDUIP-
UHFFFAOYSA-N [M]+. 175.1 

2,2',3,4,4',5,5',6-Octachlorobiphenyl 
(PCB 203) 

DCPDZFRGNJDWPP-
UHFFFAOYSA-N [M]+. 176.7 

2,3,3',4,4',5,5',6-Octachlorobiphenyl 
(PCB 205) 

VXXBCDUYUQKWCK-
UHFFFAOYSA-N [M]+. 177.2 

2,2',3,3',4,4',5,5',6-
Nonachlorobiphenyl (PCB 206) 

JFIMDKGRGPNPRQ-
UHFFFAOYSA-N [M]+. 181.7 

2,2',3,3',4,4',5,6,6'-
Nonachlorobiphenyl (PCB 207) 

YGDPIDTZOQGPAX-
UHFFFAOYSA-N [M]+. 180.0 

2,2',3,3',4,5,5',6,6'-
Nonachlorobiphenyl (PCB 208) 

XIFFTDRFWYFAPO-
UHFFFAOYSA-N [M]+. 180.0 

Decachlorobiphenyl (PCB 209) ONXPZLFXDMAPRO-
UHFFFAOYSA-N [M]+. 185.1 

PBBs 4-Bromobiphenyl (PBB 3) PKJBWOWQJHHAHG-
UHFFFAOYSA-N [M]+. 136.7 

4,4'-Dibromobiphenyl (PBB 15) HQJQYILBCQPYBI-
UHFFFAOYSA-N [M]+. 147.8 

2,2',5-Tribromobiphenyl (PBB 18) IYDNWMCMGNRWET-
UHFFFAOYSA-N [M]+. 153.5 

2,2',5,5'-Tetrabromobiphenyl (PBB 
52) 

XEFMFJLRXHQLEM-
UHFFFAOYSA-N [M]+. 164.9 

3,3',4,4'-Tetrabromobiphenyl (PBB 
77) 

BVGDXTYHVRFEQZ-
UHFFFAOYSA-N [M]+. 166.6 

2,2',4,5,5'-Pentabromobiphenyl 
(PBB 101) 

OELBLPCWLAWABI-
UHFFFAOYSA-N [M]+. 172.6 

2,2',4,4',5,5'-Hexabromobiphenyl 
(PBB 153) 

HMBBJSKXDBUNNT-
UHFFFAOYSA-N [M]+. 180.9 

3,3',4,4',5,5'-Hexabromobiphenyl 
(PBB 169) 

UXOOFXUEODCAIP-
UHFFFAOYSA-N [M]+. 183.8 

2,2',3,4,4',5,5'-Heptabromobiphenyl 
(PBB 180) 

RPGHQOFAFNAVNA-
UHFFFAOYSA-N [M]+. 186.6 

2,2',3,3',4,4',5,5'-
Octabromobiphenyl (PBB 194) 

HHYHNDNRLUQCEG-
UHFFFAOYSA-N [M]+. 193.0 

2,2',3,3',4,4',5,5',6-
Nonabromobiphenyl (PBB 206) 

QLERKXRXNDBTDM-
UHFFFAOYSA-N [M]+. 197.2 

Decabromobiphenyl (PBB 209) AQPHBYQUCKHJLT-
UHFFFAOYSA-N [M]+. 199.7 

PXBs 4'-Bromo-2,3',4,5-
Tetrachlorobiphenyl 

MHNVNUVYEUVATH-
UHFFFAOYSA-N [M]+. 164.6 
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4'-Bromo-2,3,3',4-
Tetrachlorobiphenyl 

SCKNNMQTOYXCJZ-
UHFFFAOYSA-N [M]+. 163.2 

4'-Bromo-3,3',4,5-
Tetrachlorobiphenyl 

QFVZROUDMJHONX-
UHFFFAOYSA-N [M]+. 165.5 

4'-Bromo-2,3,3',4,5-
Pentachlorobiphenyl 

PGKMQVRBAIEXHL-
UHFFFAOYSA-N [M]+. 169.6 

3,4-Dibromo-3',4'-Dichlorobiphenyl HXTSQAGEJGCAOR-
UHFFFAOYSA-N [M]+. 161.3 

3,4-Dibromo-3',4',5'-
Trichlorobiphenyl 

PXRDXCVCSPLAIQ-
UHFFFAOYSA-N [M]+. 167.9 

3,4-Dichloro-3',4',5'-
Tribromobiphenyl 

CVRUSNSUIRKGBY-
UHFFFAOYSA-N [M]+. 169.8 

PCDDs 2,3,7,8-Tetrachlorodibenzo-p-dioxin HGUFODBRKLSHSI-
UHFFFAOYSA-N [M]+. 159.3 

1,2,3,7,8-Pentachlorodibenzo-p-
dioxin 

FSPZPQQWDODWAU-
UHFFFAOYSA-N [M]+. 165.2 

1,2,3,4,7,8-Hexachlorodibenzo-p-
dioxin 

WCYYQNSQJHPVMG-
UHFFFAOYSA-N [M]+. 170.9 

1,2,3,6,7,8-Hexachlorodibenzo-p-
dioxin 

YCLUIPQDHHPDJJ-
UHFFFAOYSA-N [M]+. 170.7 

1,2,3,7,8,9-Hexachlorodibenzo-p-
dioxin 

LGIRBUBHIWTVCK-
UHFFFAOYSA-N [M]+. 169.0 

1,2,3,4,6,7,8-Heptachlorodibenzo-p-
dioxin 

WCLNVRQZUKYVAI-
UHFFFAOYSA-N [M]+. 174.9 

Octachlorodibenzo-p-dioxin FOIBFBMSLDGNHL-
UHFFFAOYSA-N [M]+. 178.9 

PBDDs 1-Bromodibenzo-p-dioxin HEAUGIUDKRRLPJ-
UHFFFAOYSA-N [M]+. 141.4 

2,3,7-Tribromodibenzo-p-dioxin BYNRLLTUMJGOGR-
UHFFFAOYSA-N [M]+. 161.0 

1,3,7,8-Tetrabromodibenzo-p-dioxin DKKJDGGGXMTZKQ-
UHFFFAOYSA-N [M]+. 170.2 

1,2,3,4-Tetrabromodibenzo-p-dioxin AKUPIABWVUYZPX-
UHFFFAOYSA-N [M]+. 165.2 

2,3,7,8-Tetrabromodibenzo-p-dioxin JZLQUWSWOJPCAK-
UHFFFAOYSA-N [M]+. 169.4 

1,2,4,7,8-Pentabromodibenzo-p-
dioxin 

BUTCDYWYGPQTPC-
UHFFFAOYSA-N [M]+. 177.4 

1,2,3,7,8-Pentabromodibenzo-p-
dioxin 

ZIFMQFDZODRVTG-
UHFFFAOYSA-N [M]+. 176.7 

1,2,3,4,7,8-Hexabromodibenzo-p-
dioxin 

JGZILVYVJLWSIH-
UHFFFAOYSA-N [M]+. 183.9 

1,2,3,6,7,8-Hexabromodibenzo-p-
dioxin 

QHJJFBHAYBGEDA-
UHFFFAOYSA-N [M]+. 183.9 

1,2,3,7,8,9-Hexabromodibenzo-p-
dioxin 

BQLIEPWVZAEMQP-
UHFFFAOYSA-N [M]+. 181.5 

1,2,3,4,6,7,8-Heptabromodibenzo-
p-dioxin 

FPCROEVBHPWKPI-
UHFFFAOYSA-N [M]+. 188.7 
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Octabromodibenzo-p-dioxin XAHTWKGGNHXJRP-
UHFFFAOYSA-N [M]+. 192.9 

PXDDs 7-Bromo-2,3-Dichlorodibenzo-p-
dioxin 

ROEOJLBNCCSIEG-
UHFFFAOYSA-N [M]+. 155.9 

2-Bromo-3,7,8-Trichlorodibenzo-p-
dioxin 

MEDUBLZGNFZMKG-
UHFFFAOYSA-N [M]+. 162.0 

2-Bromo-1,3,7,8-
Tetrachlorodibenzo-p-dioxin 

RMJLHLVWECBHAN-
UHFFFAOYSA-N [M]+. 167.4 

2,3-Dibromo-7,8-Dichlorodibenzo-
p-dioxin 

SBSJXPIUKNBZND-
UHFFFAOYSA-N [M]+. 164.4 

PCDFs 2,3,7,8-Tetrachlorodibenzofuran KSMVNVHUTQZITP-
UHFFFAOYSA-N [M]+. 155.1 

1,2,3,7,8-Pentachlorodibenzofuran SBMIVUVRFPGOEB-
UHFFFAOYSA-N [M]+. 159.5 

1,2,3,4,7,8-Hexachlorodibenzofuran LVYBAQIVPKCOEE-
UHFFFAOYSA-N [M]+. 165.3 

1,2,3,6,7,8-Hexachlorodibenzofuran JEYJJJXOFWNEHN-
UHFFFAOYSA-N [M]+. 165.4 

2,3,4,6,7,8-Hexachlorodibenzofuran XTAHLACQOVXINQ-
UHFFFAOYSA-N [M]+. 166.7 

1,2,3,7,8,9-Hexachlorodibenzofuran PYUSJFJVDVSXIU-
UHFFFAOYSA-N [M]+. 163.5 

1,2,3,4,6,7,8-
Heptachlorodibenzofuran 

WDMKCPIVJOGHBF-
UHFFFAOYSA-N [M]+. 170.8 

1,2,3,4,7,8,9-
Heptachlorodibenzofuran 

VEZCTZWLJYWARH-
UHFFFAOYSA-N [M]+. 169.1 

Octachlorodibenzofuran RHIROFAGUQOFLU-
UHFFFAOYSA-N [M]+. 174.7 

PBDFs 4-Bromodibenzofuran DYTYBRPMNQQFFL-
UHFFFAOYSA-N [M]+. 137.9 

2,4-Dibromodibenzofuran ARIBSHNUKQULPI-
UHFFFAOYSA-N [M]+. 147.0 

2,8-Dibromodibenzofuran UFCZRCPQBWIXTR-
UHFFFAOYSA-N [M]+. 148.4 

1,3,8-Tribromodibenzofuran NMVVTHPIGSTTDO-
UHFFFAOYSA-N [M]+. 156.3 

2,4,7-Tribromodibenzofuran RQIFVAZCCPQORH-
UHFFFAOYSA-N [M]+. 157.8 

2,3,4-Tribromodibenzofuran PLNFQSTVRAQHRA-
UHFFFAOYSA-N [M]+. 153.5 

2,4,6,8-Tetrabromodibenzofuran HPDRJVPURYBYRT-
UHFFFAOYSA-N [M]+. 166.7 

1,2,7,8-Tetrabromodibenzofuran CUYJKQXKKDTMCW-
UHFFFAOYSA-N [M]+. 163.1 

2,3,7,8-Tetrabromodibenzofuran HCSRVQXNLHZQNM-
UHFFFAOYSA-N [M]+. 165.4 

1,2,3,7,8-Pentabromodibenzofuran QMKPILUKNSMQTD-
UHFFFAOYSA-N [M]+. 171.6 
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2,3,4,7,8-Pentabromodibenzofuran KHQDJFUIVSESDP-
UHFFFAOYSA-N [M]+. 173.6 

1,2,3,4,7,8-Hexabromodibenzofuran MAHGKVWEQHQGJI-
UHFFFAOYSA-N [M]+. 179.5 

1,2,3,4,6,7,8-
Heptabromodibenzofuran 

JISOUFWSRUCDMJ-
UHFFFAOYSA-N [M]+. 185.2 

PXDFs 8-Bromo-2,3-Dichlorodibenzofuran OXZWQTYEIRTNRS-
UHFFFAOYSA-N [M]+. 151.9 

8-Bromo-2,3,4-
Trichlorodibenzofuran 

HSGAYFKTYSUSKW-
UHFFFAOYSA-N [M]+. 157.9 

4-Bromo-2,3,7,8-
Tetrachlorodibenzofuran 

JVQVVDNPQHZSNJ-
UHFFFAOYSA-N [M]+. 163.6 

1,2-Dibromo-7,8-
Dichlorodibenzofuran 

TUBWDYXLQQTKHJ-
UHFFFAOYSA-N [M]+. 158.0 

2,3-Dibromo-7,8-
Dichlorodibenzofuran 

OTROGRSRJQMCEI-
UHFFFAOYSA-N [M]+. 159.9 

1,3-Dibromo-2,7,8-
Trichlorodibenzofuran 

PPEKUOFMQYAHDM-
UHFFFAOYSA-N [M]+. 164.0 

PBDES 4-Bromodiphenyl ether (PBDE 3) JDUYPUMQALQRCN-
UHFFFAOYSA-N [M]+. 142.5 

2,4-Dibromodiphenyl ether (PBDE 7) JMCIHKKTRDLVCO-
UHFFFAOYSA-N [M]+. 151.7 

4,4'-Dibromodiphenyl ether (PBDE 
15) 

YAWIAFUBXXPJMQ-
UHFFFAOYSA-N [M]+. 154.5 

2,2',4-Tribromodiphenyl ether 
(PBDE 17) 

VYBFILXLBMWOLI-
UHFFFAOYSA-N [M]+. 157.9 

2,4,4'-Tribromodiphenyl ether 
(PBDE 28) 

UPNBETHEXPIWQX-
UHFFFAOYSA-N [M]+. 162.3 

2,2',4,4'-Tetrabromodiphenyl ether 
(PBDE 47) 

XYBSIYMGXVUVGY-
UHFFFAOYSA-N [M]+. 169.4 

2,2',4,5'-Tetrabromodiphenyl ether 
(PBDE 49) 

QWVDUBDYUPHNHY-
UHFFFAOYSA-N [M]+. 169.4 

2,3',4,4'-Tetrabromodiphenyl ether 
(PBDE 66) 

DHUMTYRHKMCVAG-
UHFFFAOYSA-N [M]+. 170.5 

3,3',4,6-Tetrabromodiphenyl ether 
(PBDE 71) 

COPAGYRSCJVION-
UHFFFAOYSA-N [M]+. 166.4 

3,3',4,4'-Tetrabromodiphenyl ether 
(PBDE 77) 

RYGLOWMCGZHYRQ-
UHFFFAOYSA-N [M]+. 171.5 

2,2',3,4,4'-Pentabromodiphenyl 
ether (PBDE 85) 

DMLQSUZPTTUUDP-
UHFFFAOYSA-N [M]+. 176.1 

2,2',4,4',6-Pentabromodiphenyl 
ether (PBDE 100) 

NSKIRYMHNFTRLR-
UHFFFAOYSA-N [M]+. 175.9 

2,3',4,4',6-Pentabromodiphenyl 
ether (PBDE 119) 

KXEOYBYEJCRPGB-
UHFFFAOYSA-N [M]+. 176.9 

3,3',4,4',5-Pentabromodiphenyl 
ether (PBDE 126) 

SJNIIWPIAVQNRK-
UHFFFAOYSA-N [M]+. 179.6 

2,2',3,4,4',5'-Hexabromodiphenyl 
ether (PBDE 138) 

IZFQCEZFGCMHOM-
UHFFFAOYSA-N [M]+. 183.6 
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2,2',4,4',5,5'-Hexabromodiphenyl 
ether (PBDE 153) 

RZXIRSKYBISPGF-
UHFFFAOYSA-N [M]+. 185.0 

2,2',4,4',5,6'-Hexabromodiphenyl 
ether (PBDE 154) 

VHNPZYZQKWIWOD-
UHFFFAOYSA-N [M]+. 182.8 

2,2',3,4,4',5',6-Hexabromodiphenyl 
ether (PBDE 183) 

ILPSCQCLBHQUEM-
UHFFFAOYSA-N [M]+. 188.3 

PCNs 1,3,5,7-Tetrachloronaphthalene 
(PCN 42) 

OTTCXKPQKOLSJN-
UHFFFAOYSA-N [M]+. 145.0 

1,2,3,5-Tetrachloronaphthalene 
(PCN 28) 

HJJKSUVYCQAMBG-
UHFFFAOYSA-N [M]+. 143.2 

1,2,3,4-Tetrachloronaphthalene 
(PCN 27) 

NAQWICRLNQSPPW-
UHFFFAOYSA-N [M]+. 141.5 

2,3,6,7-Tetrachloronaphthalene 
(PCN 48) 

XTTLUUBHRXWFSZ-
UHFFFAOYSA-N [M]+. 145.3 

1,4,5,8-Tetrachloronaphthalene 
(PCN 46) 

LITCKAVLJAKHOE-
UHFFFAOYSA-N [M]+. 142.7 

1,2,3,8-Tetrachloronaphthalene 
(PCN 31) 

UVMHXYSILPJXPK-
UHFFFAOYSA-N [M]+. 142.5 

1,2,4,6,7-Pentachloronaphthalene 
(PCN 60) 

GXQUDLBNLKOIQB-
UHFFFAOYSA-N [M]+. 150.3 

1,2,3,4,6-Pentachloronaphthalene 
(PCN 50) 

BAOLNVSMVTYGDA-
UHFFFAOYSA-N [M]+. 148.9 

1,2,3,5,8-Pentachloronaphthalene 
(PCN 53) 

HVYRFNJXZVEGFK-
UHFFFAOYSA-N [M]+. 149.0 

1,2,4,5,8-Pentachloronaphthalene 
(PCN 59) 

FEIKEVSWLMYFFF-
UHFFFAOYSA-N [M]+. 148.3 

1,2,3,4,5-Pentachloronaphthalene 
(PCN 49) 

JRZKNHITLINYHV-
UHFFFAOYSA-N [M]+. 147.6 

1,2,3,4,6,7-Hexachloronaphthalene 
(PCN 66) 

ZRNSVEOEIWQEMU-
UHFFFAOYSA-N [M]+. 155.4 

1,2,3,5,6,8-Hexachloronaphthalene 
(PCN 68) 

FQELOCOACCYGLL-
UHFFFAOYSA-N [M]+. 154.5 

1,2,3,5,7,8-Hexachloronaphthalene 
(PCN 69) 

JPQLLIUTUFJWMH-
UHFFFAOYSA-N [M]+. 154.5 

1,2,4,5,6,8-Hexachloronaphthalene 
(PCN 71) 

JHKLUUFTHIWTKX-
UHFFFAOYSA-N [M]+. 153.7 

1,2,3,4,5,6-Hexachloronaphthalene 
(PCN 63) 

CTLMCQOGOWNFHA-
UHFFFAOYSA-N [M]+. 153.4 

1,2,3,4,5,8-Hexachloronaphthalene 
(PCN 65) 

PGCDNPCENWGYMA-
UHFFFAOYSA-N [M]+. 153.3 

1,2,3,6,7,8-Hexachloronaphthalene 
(PCN 70) 

WJYZNPLWZGYFIE-
UHFFFAOYSA-N [M]+. 154.5 

1,2,3,4,5,6,8-
Heptachloronaphthalene (PCN 74) 

QYEGXUUXWMKHHS-
UHFFFAOYSA-N [M]+. 158.8 

Octachloronaphthalene (PCN 75) RTNLUFLDZOAXIC-
UHFFFAOYSA-N [M]+. 164.0 

eBFRs 2,3,5,6-tetrabromo-p-xylene (pTBX) RXKOKVQKECXYOT-
UHFFFAOYSA-N [M]+. 145.3 
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1,2,3,4,5-pentabromobenzene 
(PBBz) 

LLVVSBBXENOOQY-
UHFFFAOYSA-N [M]+. 145.1 

Pentabromotoluene (PBT) OZHJEQVYCBTHJT-
UHFFFAOYSA-N [M]+. 148.7 

Pentabromoethylbenzene (PBEB) FIAXCDIQXHJNIX-
UHFFFAOYSA-N [M]+. 153.0 

Hexabromobenzene (HBBz) CAYGQBVSOZLICD-
UHFFFAOYSA-N [M]+. 151.5 

OCPs Hexachlorobenzene (HCB) CKAPSXZOOQJIBF-
UHFFFAOYSA-N   [M]+. 139.8 
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2] 
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TIM

SC
C

S
N2 

[Å
2] 

Ion type 
TIM

SC
C

S
N2 

[Å
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eBFRs 
1,2-bis(2,4,6-tribrom

o-phenoxy)ethane 
(BTBPE) 

YATIG
PZCM

O
YEG

E-
UHFFFAO

YSA-N   
[M
] +. 

190.6 
[M

-
C

6 H
2 O

Br3 ] + 
146.6 

 
 

Dechlorane 603 
W

SEXCYJM
FQ

VEIN-
UHFFFAO

YSA-N
 

[M
] +. 

210.6 
[C

7 Cl5 H
2 ] + 

139.6 
[M

-Cl] + 
205.3 

Syn dechlorane plus 
UG

Q
Q

AJO
W

XNCO
PY-

M
XYLTYEXSA-N

 
[M
] +. 

220.6 
[C

5 Cl5 ] + 
131.3 

[M
-Cl] + 

202.4 

O
CPs 

p,p’-DDD
 

AHJKRLASYNVKDZ-
UHFFFAO

YSA-N
 

/ 
/ 

[M
-CCl2 H] + 

148.3 
[M

-Cl] + 
156.9 
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JW
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IM
RXG

HLCPP-
UHFFFAO

YSA-N
 

/ 
/ 

[M
-CCl2 H] + 
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[M
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/ 

/ 
[M

-CCl3 ] + 
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[M
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G
HNCTFXO
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UHFFFAO

YSA-N  
/ 

/ 
[M

-CCl3 ] + 
148.3 

[M
-Cl] + 

166.5 

o,p’-DDE 
ZDYJW

DIW
LRZXDB-

UHFFFAO
YSA-N

 
[M
] +. 

161.6 
[M

-Cl] + 
153.5 

[M
-2Cl] + 

145.6 

p,p’-DDE 
UCNVFO

CBFJO
Q

AL-
UHFFFAO

YSA-N
 

[M
] +. 

166.2 
[M

-Cl] + 
153.7 

[M
-2Cl] + 

145.5 

Perthan 
Q

FM
DFTQ

O
JHFVNR-

UHFFFAO
YSA-N

 
/ 

/ 
[M

-CCl2 H] + 
155.7 

[M
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8 H
9 ] + 

138.2 

Aldrin 
Q

BYJBZPUG
VG

KQ
Q

-
SJJAEHHW

SA-N
 

[M
] + 

169.4 
[M

-Cl] + 
164.6 

[M
-Cl2 H] + 

152.3 

Isodrin 
Q

BYJBZPUG
VG

KQ
Q

-
DIFDVCDBSA-N

 
[M
] +. 

158.5 
[M

-Cl] + 
157.0 

[M
-Cl2 H] + 
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Dieldrin 
DFBKLUNHFCTM

DC-
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SA-N   
[M
] +. 

166.3 
[M

-Cl] + 
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G
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SA-N   

[M
] +. 

159.9 
[M

-Cl] + 
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Heptachlor 
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Q

AEU-
UHFFFAO

YSA-N   
[M
] +. 

159.7 
[M

-Cl] + 
165.2 

[C
5 Cl6 ] + 

137.7 

Heptachlor epoxide exo 
ZXFXBSW

RVIQ
KO

D-
UO

FFAG
TM

SA-N
 

[M
] +. 

162.4 
[M

-Cl] + 
160.3 

[M
-

CO
Cl2 H

2 ]+  
148.4 

Heptachlor epoxide endo 
ZXFXBSW

RVIQ
KO

D-
W

O
BUKFRO

SA-N
 

[M
] +. 

162.0 
[M

-Cl] + 
156.8 

[M
-

CO
Cl2 H

2 ]+  
148.3 

Endosulfan sulfate 
AAPVQ

EM
YVNZIO

O
-

UHFFFAO
YSA-N

 
[M
] +. 

162.0 
[M

-Cl] + 
167.8 

[M
-HSO

4 ] + 
151.0 

Hexachloro cyclohexanes (HCHs) 
JLYXXM

FPNIAW
KQ

-
UHFFFAO

YSA-N
 

/ 
/ 

[M
-Cl2 H] + 

133.5 
 

 

 

Table A2 – Experimentally measured TIMSCCSN2 values of halogenated POPs exhibiting high degrees of fragmentation. When multiple fragments were 
observed, only the two most intense are reported. Underlined values indicate ions whose mobility spectra displayed multiple or distributed peaks 
(Section 3.2.2A); in such cases, the value corresponds to the most intense peak within the distribution. 
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