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Multidimensional library for the 
improved identification of per- and 
polyfluoroalkyl substances (PFAS)
Kara M. Joseph   1, Anna K. Boatman1, James N. Dodds1, Kaylie I. Kirkwood-Donelson2, 
Jack P. Ryan1, Jian Zhang3, Paul A. Thiessen3, Evan E. Bolton   3, Alan Valdiviezo4,5, 
Yelena Sapozhnikova6, Ivan Rusyn4,5, Emma L. Schymanski   7 & Erin S. Baker   1,4 ✉

As the occurrence of human diseases and conditions increase, questions continue to arise about their 
linkages to chemical exposure, especially for per-and polyfluoroalkyl substances (PFAS). Currently, 
many chemicals of concern have limited experimental information available for their use in analytical 
assessments. Here, we aim to increase this knowledge by providing the scientific community with 
multidimensional characteristics for 175 PFAS and their resulting 281 ion types. Using a platform 
coupling reversed-phase liquid chromatography (RPLC), electrospray ionization (ESI) or atmospheric 
pressure chemical ionization (APCI), drift tube ion mobility spectrometry (IMS), and mass spectrometry 
(MS), the retention times, collision cross section (CCS) values, and m/z ratios were determined for 
all analytes and assembled into an openly available multidimensional dataset. This information will 
provide the scientific community with essential characteristics to expand analytical assessments of 
PFAS and augment machine learning training sets for discovering new PFAS.

Background & Summary
Per- and polyfluoroalkyl substances (PFAS) are a class of synthetic, fluorinated chemicals used in a variety of 
consumer products and industrial processes over the last 70 years1. While there are many definitions of which 
structural elements constitute classification as a PFAS, the community largely accepts that proposed by the 
Organisation for Economic Co-operation and Development (OECD) which includes any chemical having “at 
least one saturated CF2 or CF3 moiety”2,3. This definition is the most inclusive, encompassing nearly 7 million 
compounds identified by the National Institutes of Health’s (NIH) open chemical database, PubChem2,4. This 
definition includes traditional legacy PFAS compounds like perfluorooctanoic acid (PFOA) and perfluorosul-
fonic acid (PFOS), replacement PFAS such as hexafluoropropylene oxide dimer acid (HFPO-DA, or commonly 
GenX), as well as short chain fluorinated compounds such as trifluoroacetic acid (TFA), and organofluorine 
pharmaceuticals and pesticides2,4,5. PFAS have special chemical and physical properties due to their charac-
teristic carbon-fluorine bonds, making them both water and oil repellent, resistant to thermal or chemical 
degradation, and highly useful surfactants5. As a result, PFAS have been detected in a variety of widely used 
products, including fast-food packaging, cosmetics, water-resistant clothing, and fire-fighting foams5–8. The 
caveat to their utility is that some PFAS are resistant to degradation in the environment and also bioaccumulate. 
PFAS have thus been detected in virtually all environmental samples including soil9 and water systems, and 
their prolific abundance in the environment promotes both direct and indirect routes of exposure to humans 
(e.g., drinking water and inhalation of house dust)10,11. As a consequence, PFAS are now routinely observed in 
human serum, breastmilk, and other biological tissues12–16. Furthermore, multiple studies reported associations 
between exposure to PFAS and a variety of adverse health effects, including decreased immune function17, lipid 
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Fig. 1  Experimental workflow for RPLC-IMS-HRMS library construction. 1 – Standard Dilution: Commercially 
purchased PFAS standards were diluted 100-fold and transferred to LC vials. 2 – Data Acquisition: Standards 
were run via either flow injection or a chromatographic gradient, ionized via ESI or APCI and subsequent data 
acquired on an Agilent 6560 IMS-QTOF. 3 – Data Analysis: Data was analyzed using Agilent IMS-Browser 
Version 10.00 and integration of the nested spectra results in m/z and drift times (converted to CCS value via the 
Mason-Schamp equation) for each observed ion. 4 – Data Usage: Open-access multidimensional RPLC-IMS-
HRMS data can be used for targeted analysis of PFAS in a variety of sample matrices.

Parameter ESI APCI

Gas Temperature (°C) 230 300

Drying Gas (L/min) 11 5

Nebulizer (psi) 45 45

Sheath Gas Flow (L/min) 11 —

Sheath Gas Temperature (°C) 350 —

Capillary Voltage (V) 3500 2000

Nozzle Voltage (V) 500 —

Vaporizer (°C) — 250

Corona (μA) — 4

Table 1.  Electrospray Ionization (ESI) and Atmospheric Pressure Chemical Ionization (APCI) Source 
Parameters. These parameters are consistent with Agilent default parameters for APCI and those described in 
Agilent Technologies’ application note for analysis of PFAS when using ESI28,37,38.
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dysregulation18, pre- and post-natal development issues19, and cancer20. Therefore, many PFAS are considered 
to be both persistent, mobile, and toxic (PMT) compounds and very persistent very mobile (vPvM) substances 
by the European Union2,21.

Despite the suspected adverse health implications and prevalence of PFAS in the environment, the United 
States regulates the concentration of only six PFAS, exclusively in drinking water22. To evaluate their presence 
and concentrations, common targeted analytical methods for PFAS utilize liquid chromatography-mass spec-
trometry (LC-MS) platforms with a triple quadrupole mass spectrometer, typically covering less than 50 of 
these analytes23. However, as the list of PFAS continues to grow in number and chemical complexity, more 
comprehensive and robust analytical techniques are becoming essential to evaluate a problem of such scale. 
The use of non-targeted approaches has therefore increased to detect novel PFAS in products, humans, and the 
environment5. These non-targeted approaches commonly include LC separations coupled with time-of-flight 
and Orbitrap mass analyzers to provide high resolution mass spectrometry (HRMS) measurements. However, 
even these measurements have limitations in PFAS identification as their similarity in mass to other molecules in 
complex mixtures and the existence of isomeric PFAS, or those with the same monoisotopic mass and molecular 
formula, challenge LC-HRMS measurements. Ion mobility spectrometry (IMS) has therefore been coupled with 
traditional LC-HRMS methods to aid in these distinctions8,24–26. Drift tube IMS (DTIMS) is a rapid gas-phase 
separation technique in which ions are separated based on their size and shape27,28. In DTIMS, ions traverse the 
length of the drift cell through an inert buffer gas and under the influence of a uniform electric field27. The result-
ing measurement is an ion’s drift time, which can be used to calculate the collision cross section (CCS) value of 
the ion, providing a measurement of an ion’s gas phase surface area27. CCS values are an important metric for 
confident PFAS identifications as they are highly reproducible across instruments and laboratory conditions 
(often within <1% error)27,28.

This study uses a LC-DTIMS-HRMS platform to contribute to characterizations of 175 PFAS with authen-
tic standards in a multidimensional manner. While previous analytical characteristics for 145 PFAS have 
been reported in several papers for negative mode ionization, this manuscript combines all those values and 
adds information for 30 new commercial PFAS standards and other ion types (e.g., [M-H]−, [M-H-CO2]−, 
[M + Cl]−, [M + H]+, [M + NH4]+, [M + Na]+, [M + K]+, [M-H-CO2-HF]−, [M-C2H4-OH]−, [M-CH2-CO2]−, 
[M-2H + Na]−, [M-2H + K]−, and [M + CH3O]−) observed for the new and previously analyzed PFAS24,29,30. 
Specifically, the multidimensional dataset includes 281 PFAS ions types and related multimers observed in neg-
ative and positive modes, as well as those formed by both electrospray ionization (ESI) and atmospheric pressure 
chemical ionization (APCI) sources.

Methods
Standards and reagents.  All certified standards were purchased from Wellington Laboratories (Guelph, 
ON, Canada), Chiron (Trondheim, Norway), or Sigma Aldrich (St. Louis, MO). The experimental workflow 
for the standards is shown in Fig. 1. First, the standards were diluted in methanol (Thermo Scientific; Waltham, 
MA) to a concentration of approximately 500 ng/mL in 1.5 mL microcentrifuge tubes (Thermo Scientific; 

Time (min) % MPB

0.0 10

0.5 10

2.0 30

14.0 95

14.5 100

16.5 100

16.5–22.5 10

Table 2.  Reversed-Phase Liquid Chromatography (RPLC) Gradient. These parameters are consistent with 
analysis of PFAS in extracted environmental and clinical samples as adapted from an Agilent application note 
for PFAS analyses37.

Parameter Value

Trap Fill 10000 μs

Trap Release 100 μs

Drift Tube Entrance (Single-Field only)† 1574 V

Drift Tube Exit 224 V

Rear Funnel Entrance 217.5 V

Rear Funnel Exit 45 V

Maximum Allowed Drift Time 60 ms

Table 3.  Drift Tube Ion Mobility Spectrometry Parameters. Voltages shown were those used for positive mode, 
while negative polarity mode utilized the negative values of each. †Drift tube entrance voltage was used for all 
replicates in the single field method. For the stepped field method values for the APCI(-) tune mix ions analyses, 
please consult the main text.

https://doi.org/10.1038/s41597-024-04363-0
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Waltham, MA). Two hundred microliters of each diluted standard were then transferred to a 2 mL polypropyl-
ene LC autosampler vial fitted with a polypropylene insert (Agilent Technologies; Santa Clara, CA). Stock and 
working solutions in microcentrifuge tubes were stored at −20 °C. LC autosampler vials were stored at −20 °C 
until analysis (2 days) and were refilled from working solutions as necessary throughout the course of analysis 
(approximately 2 weeks). OptimaTM LC-MS grade methanol and water and ammonium acetate salt used for chro-
matography solvents were purchased from Fisher Scientific (Waltham, MA).

Fig. 2  Drift time and exact mass determination from a raw data file of the PFAS SAmPAP. IM-MS Browser 
facilitates analysis through manual filtering and integration in the m/z and drift time dimensions where 
integration bounds are drawn around the monoisotopic mass signal to determine the corresponding drift time 
and m/z value. In the case of the [M-H]− ion for SAmPAP, the software determined the m/z of the monoisotopic 
mass to be 649.9707 with a drift time of 28.45 milliseconds.

Fig. 3  IMS-MS nested spectrum for the deprotonated form of PubChem CID 625950 or 6-(1,1,1,3,3,3- 
hexafluoropropan-2-yloxy)-2-N-methyl-1,3,5-triazine-2,4-diamine. Two different forms were observed for  
this molecule. The major compact form (CCS = 148.07 Å2) is highlighted by the teal trace and the minor 
extended form (CCS = 151.23 Å2) by the orange trace. Total abundance is represented by the white trace.

https://doi.org/10.1038/s41597-024-04363-0
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Instrumentation.  As previously described by Dodds et al., data was collected on a non-targeted platform 
which combines reversed-phase liquid chromatography, drift tube ion mobility spectrometry and mass spec-
trometry (LC-DTIMS-HRMS)24. All analyses were performed on an Agilent 1290 Infinity UPLC system (Santa 
Clara, CA) coupled to an Agilent 6560 IM-quadrupole time-of-flight (QTOF) platform (Santa Clara, CA) with a 
commercial gas kit and a MKS Instruments precision flow controller (Andover, MA). Samples were ionized using 
either an Agilent JetStream electrospray ionization source (ESI) and/or Agilent’s Multimode Source via atmos-
pheric pressure chemical ionization (APCI) (Santa Clara, CA).

Sample injection.  All standards were first analyzed using flow injection analysis (FIA) wherein 10 µL of 
the 500 ng/mL solution was introduced to the ion source (ESI or APCI) without chromatographic separation 
in both negative and positive modes, with source parameters listed in Table 1. From this initial injection, it was 
determined which of the PFAS (Supplementary Table S1) ionized in each mode and source. Sufficient ionization 
was defined as appreciable signal with a mass error of less than 10 ppm for the expected ion. Mass spectra were 
assessed in negative mode for the [M-H]−, [M-H-CO2]−, or [M + Cl]− ions and in positive mode for [M + H]+, 
[M + NH4]+, [M + Na]+, and [M + K]+ ions as well as their multimers. Other ion types such as [M-H-CO2-HF]−, 
[M-C2H4-OH]−, [M-CH2-CO2]−, [M-2H + Na]−, [M-2H + K]−, and [M + CH3O]− were identified if high signal 
intensity was observed in the nested spectra.

Fig. 4  CCS versus m/z trendlines for characterized PFAS, excluding mass-labelled standards. Here all PFAS 
in the library are shown in the top row for the (a) negative and (b) positive mode ions, while the bottom row 
illustrated CCS values for the new PFAS standards in (c) negative and (d) positive mode. All PFAS in the 
dataset easily separate from the more hydrogenated molecules such as lipids which are shown as grey circles34. 
Ionization in either negative mode or positive mode or via ESI or APCI did not impact this trend.

https://doi.org/10.1038/s41597-024-04363-0
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All PFAS standards with ion signals in either positive or negative mode were then run with a reversed-phase 
liquid chromatography gradient at least twice, resulting in two retention time (RT) replicates and triplicate CCS 
value analyses. Since chromatography occurs before ionization, molecules will maintain the same RT regardless 
of ionization source or polarity, but exact RTs are likely to vary when analyzing environmental and clinical sam-
ples due to matrix effects of the extract. Thus, these values provide a rough estimate of RT. For the chromatogra-
phy analyses, 10 µL of each standard was injected onto an Agilent ZORBAX Plus C18 guard column (2.1 × 5 mm, 
1.8 μm; Santa Clara, CA) followed by an Agilent ZORBAX Eclipse Plus C18 column (2.1 × 50 mm, 1.8 μm; Santa 
Clara, CA) with the column compartment held at 30 °C and a flow rate of 0.4 mL per minute. Mobile Phase A 
consisted of 100% water, while Mobile Phase B was comprised of 95% methanol and 5% water. Both mobile 
phases were buffered with 5 mM ammonium acetate (+/−5%). The specific LC gradient and parameters used 
are further described in Table 2.

IMS and MS.  IMS and HRMS measurements were collected using the Agilent 6560 IM-QTOF, using a work-
flow and method consistent with numerous publications12,14,24,30. Briefly, following ionization by either ESI or 
APCI in either positive or negative mode, ions are pulsed into the drift tube filled with nitrogen buffer gas (Ultra 
High Purity (99.999%), Airgas; Radnor, PA) held at 3.95 Torr. A trap fill time of 10000 μs and release time of 100 μs  
were used to increase signal intensity while minimizing peak broadening. Further IMS analyses parameters are 
also outlined in Table 3, and standard for using the single field method with a uniform electric field of ~17 V/cm28.  

Fig. 5  Percent difference between ESI and APCI derived ion CCS values. The percent difference between 
precursor ions formed with both ionization sources was less than 0.5% for all occurrences in both (a) negative 
mode and (b) positive mode.

https://doi.org/10.1038/s41597-024-04363-0
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HRMS data was collected in MS1-only mode with the time-of-flight (TOF) mass spectrometer operating in high 
sensitivity (2 GHz) mode for the 50–1700 m/z mass range.

Calibration of the instrument in both the MS and IMS dimensions is critical to obtaining reproducible 
CCS values. Thus, on each analysis day, a tune file was collected using FIA and the same source and instru-
ment parameters with the Agilent ESI-L Low Concentration or Agilent APCI-Low Concentration tuning mix 

Fig. 6  5H-Octafluoropentanoic acid (5H-PFPeA) multimers with sodiated and potassiated adduct pattern. 
(a) Structure of 5H-PFPeA and molecular weight. Sodiated and potassiated adducts show expected isotopic 
distribution and spacing in the m/z dimension and in the IMS-MS nested spectra of the dimer. (b) The trimer 
and (c) tetramer of 5H-PFPeA also show the same pattern of alkali metal adductions, where drift time increases 
as Na+ are replaced by K+ as adduct ions.

https://doi.org/10.1038/s41597-024-04363-0
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immediately before all subsequent data files were acquired. In the case of ESI(−/+) and APCI(+) data acqui-
sition, these files enabled single field calibration of observed drift times28. In the case of APCI(−) acquisition, 
“gold standard” CCS values for Agilent APCI tuning mix ions do not exist and thus, the stepped field method 
described by Stow et al.28 was used to calculate CCS values for these ions. In the stepped field method, all 
IMS parameters in Table 3 were utilized except for changing the drift tube entrance voltages by 100 V at every 
0.5-minute interval, beginning at 1074 V and ending at 1674 V. Using the “Multi-field” calibration option in 
MassHunter Acquisition software, CCS values for each calibrant ion were calculated. These values were then 
used in the single field calibration method to determine CCS values of ions in APCI(-).

Data acquisition and processing.  LC-IMS-HRMS data was acquired using MassHunter Acquisition 
Software B.09 and the resulting Agilent “.d” files were analyzed in IM-MS Browser 10.0. From each data file, the 
monoisotopic mass was identified, its corresponding drift time noted (Fig. 2), and these values recorded in an 
Excel workbook. This.xlsx workbook calculates the CCS value for each replicate based on the single field method, 
as well as the average CCS value and relative standard deviation. In cases where the same analyte presents two 
different drift times, neither of which are related to the breakdown of in-source multimers, the isomers or con-
formers are indicated as either “a” or “b,” representing the compact and extended forms (Fig. 3). For the dataset, 
two analytes are noted to have both a and b forms, 8HPFOA and a PFAS with the PubChem Compound Identifier 
(CID) 625950.

Data Records
This dataset is available at Zenodo31 (https://doi.org/10.5281/zenodo.14341321) as an Excel workbook and is 
formatted to facilitate multidimensional analyses in the Skyline software32. This file is also available at the Baker 
Lab database webpage (https://tarheels.live/bakerlab/databases/). The raw .d files for this dataset are deposited 
at MassIVE, a repository for mass spectrometry data, with accession number MSV00009602033.

For the 175 PFAS noted in the multidimensional dataset, 281 ion types were detected, including CCS values 
for 30 analytes reported for the first time. The ion types included [M-H]−, [M-H-CO2]−, [M + Cl]−, [M + H]+, 
[M + NH4]+, [M + Na]+, [M + K]+, [M-H-CO2-HF]−, [M-C2H4-OH]−, [M-CH2-CO2]−, [M-2H + Na]−, 
[M-2H + K]−, and [M + CH3O]−, as well as related multimers. This information presents an argument for anal-
ysis of PFAS in positive mode whereas many PFAS are studied only in negative mode, however for our dataset we 
observed 169 PFAS in negative mode, 14 in positive mode, and 8 ions in both modes. These 281 PFAS precursor 
CCS values (generated via ESI and/or APCI) are expected to advance analytical analyses and machine learning 
studies. For each newly added molecule in the dataset, the associated ions in both positive and negative modes 
are noted along with the RT and CCS values as well as precursor m/z, CAS number, PubChem CID, SMILES, full 
name, molecule group and vendor of the standard, which can be found in the “New Additions to PFAS Library” 
workbook at the same Zenodo record as previously described31.

Technical Validation
The dataset reported here was carefully constructed with high purity standards (>92% purity reported by 
manufacturers). The multidimensional separations also aided in high confidence measurements. For example, 
highly fluorinated compounds like PFAS occupy a specific region of the CCS vs. m/z space when analyzed with 
IMS-MS. This occurs because although fluorine atoms have a similar atomic radius to hydrogen atoms and thus 
occupy similar volume, they are much heavier in mass (18.9984 Da versus 1.0078 Da). Thus, when evaluating a 
plot of CCS vs. m/z, PFAS fall on an isolated trendline with a lower slope relative to biological molecules as pre-
viously described by Foster et al.29, which is useful not only for evaluating PFAS in environmental matrices but 
also for ensuring quality and consistency of CCS calculations in this study8,24. As shown in Fig. 4, all PFAS CCS 
values calculated in this study fall along a distinct linear trendline below the biological space (shown in grey)34, 
regardless of ionization source or mode. Of further interest is the distinction between the different classes as the 
PFCAs which have carboxylic acid head groups are easily distinguished from the phosphates and other PFAS 
subclasses. Additionally, PFAS that fall closer to the biological trendline are noted as being more hydrogenated, 
having double bonds, or having a lower ratio of fluorine to carbon atoms, such as FDUEA and its dimer.

m/z Mode
Average Experimental 
CCS (Å2) (n = 3)

Theoretical1 
CCS (Å2)

Error between Theoretical  
and Experimental (%)

301.9981 ESI(-) 139.8 140.0 0.20

601.9798 ESI(-) 181.0 180.8 −0.11

1033.9881 ESI(-) 255.4 255.3 −0.04

1333.9689 ESI(-) 285.7 284.8 −0.34

1633.9498 ESI(-) 318.7 319.0 0.11

316.0138 APCI(-) 143.7 — —

655.9911 APCI(-) 210.9 — —

955.9719 APCI(-) 246.9 — —

1255.9528 APCI(-) 279.7 — —

1555.9336 APCI(-) 311.5 — —

Table 4.  Validation of Stepped Field Method Applied to APCI Tune Mix Ions. Theoretical values for the ESI 
tune mix ions were used from Ref. 28.

https://doi.org/10.1038/s41597-024-04363-0
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In the MS analyses, all identified ions had a mass error of less than 10 ppm across all replicates, which 
is within the expected error of this instrument. Additionally, all CCS values calculated using the single field 
method across triplicate injections had a relative standard deviation of less than 0.3%, which is also within the 
expected range of error for this platform. In the cases in which molecules ionized to form the same adduct via 
both ESI and APCI, the percent difference in CCS values were less than 0.5% in negative mode and less than 
0.25% in positive mode (Fig. 5).

Assessment of the different ion types with LC-DTIMS-HRMS also showed the formation of multimers for 15 
PFAS analytes in negative mode with some forming up to pentamers. In some cases, the patterns in alkali metal 
adducts were used to increase confidence that observed signals are correctly assigned to their adduct formulas (Fig. 6). 
For example, sodium and potassium adducted to 5H-PFPeA allowing assignment of its dimer, trimer, and tetramer.

Evaluation of the PFAS standards via APCI was also necessary as three ions were only observed in APCI 
and not ESI. However, there was a challenge with these assessments as there are no CCS values currently noted 
for the APCI calibrants in negative mode as the Agilent APCI-Low Concentration tune mix ion CCS values are 
not validated by an interlaboratory study. However, DTIMS provides the ability to calculate CCS values from 
first principles with the stepped field method, so these measurements were conducted here to provide values 
for those coupling an APCI source with any IMS platform capable of calculating CCS values. To validate these 
results, stepped field data was collected for both the ESI and APCI sources in negative mode and the sources 
were alternated to make sure error was consistent throughout the three replicates. In comparing ESI-Low tune 
mix ion CCS values calculated via the stepped field method to their “gold standard” value validated in the inter-
laboratory study by Stow et al.28, the percent error for all ions was less than 0.5% (Table 4). Therefore, it is 
expected that the APCI values also noted in Table 4 should have similar errors. To reduce errors further, users 
should conduct the stepped field experiment in their own laboratory to determine the Agilent APCI-L tuning 
mix ion CCS values, since the effective length of the drift tube may vary slightly between instruments.

CCS values reported in this dataset are not significantly impacted by changes to the LC methods presented 
in this paper. Although the use of different LC solvents may impact RT and elution order, solvent composition is 
known to account for less than 0.5% difference in CCS values, which is within the expected range of IMS analysis 
platforms and thus these values are still suitable for database matching35.

Usage Notes
This work provides access to LC, DTIMS, and MS characteristics for 175 PFAS and 281 PFAS ions includ-
ing [M-H]−, [M-H-CO2]−, [M + Cl]−, [M + H]+, [M + NH4]+, [M + Na]+, [M + K]+, [M-H-CO2-HF]−, 
[M-C2H4-OH]−, [M-CH2-CO2]−, [M-2H + Na]−, [M-2H + K]−, and [M + CH3O]−, as well as related multim-
ers. The detailed multidimensional RPLC-DTIMS-HRMS dataset contains RPLC retention times, m/z values 
for precursor, and CCS values for each substance. It also provides 30 additional PFAS CCS values based on 
analytical standards which have not yet been included in any publications. While this dataset was built using a 
specific RPLC gradient, and platform with DTIMS, these values could pertain to other RPLC gradient lengths 
and IMS instruments. Each separation dimension can also be ignored if not required by the researcher. This 
RPLC-DTIMS-HRMS dataset resource is available on Zenodo31 and at the Baker Lab website, both of which will 
be updated regularly as more identifications are made and new chemical standards are studied.

CCS values derived from this study were uploaded to PubChem using FAIR (Findable, Accessible, 
Reproducible, Interoperable) templates available on PubChem36 (filled templates are available on GitLab, https://
gitlab.com/uniluxembourg/lcsb/eci/pubchem/-/tree/master/annotations/CCS/BakerLab). The corresponding 
data can be downloaded from the BakerLab Data Source page in PubChem (https://pubchem.ncbi.nlm.nih.
gov/source/25763) and browsed via the classification tree developed from this dataset and another lipid dataset 
(https://pubchem.ncbi.nlm.nih.gov/classification/#hid=124). They are also available via other PubChem inter-
faces (as described in the PubChem documentation and via code snippets provided on GitLab - https://gitlab.
com/uniluxembourg/lcsb/eci/pubchem).

To use the multidimensional PFAS dataset for targeted analyses of environmental and clinical samples in the 
software Skyline32, copy and paste columns B-G of the “Skyline Formatted Library” directly into the transition 
list. A more detailed description of how to create a Skyline document and use this software for targeted analyses 
can be found in Ref. 33. It is also recommended that users select the appropriate sheet within the workbook to 
reflect their data collection method(s).

Code availability
In this study, RStudio was used for data visualization and figure creation. Microsoft Excel was used for calculating 
CCS values from drift times, as well as statistical analyses of relative standard deviation and mass error. An 
example fillable Excel workbook of the “Single Field Template” used to calculate the CCS values from extracted 
drift times is available as part of the Zenodo record31. Code and data related to the CCS integration in PubChem 
is available on GitLab (https://gitlab.com/uniluxembourg/lcsb/eci/pubchem), which also includes example scripts 
to retrieve the CCS data from PubChem in R.
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