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CHEMSITRY

Uncovering per- and polyfluoroalkyl substances (PFAS)
with nontargeted ion mobility spectrometry—mass
spectrometry analyses

Kaylie I. Kirkwood-Donelson', James N. Dodds?, Astrid Schnetzer?, Nathan Hall*, Erin S. Baker®*

Because of environmental and health concerns, legacy per- and polyfluoroalkyl substances (PFAS) have been
voluntarily phased out, and thousands of emerging PFAS introduced as replacements. Traditional analytical
methods target a limited number of mainly legacy PFAS; therefore, many species are not routinely assessed
in the environment. Nontargeted approaches using high-resolution mass spectrometry methods have therefore
been used to detect and characterize unknown PFAS. However, their ability to elucidate chemical structures
relies on generation of informative fragments, and many low concentration species are not fragmented in
typical data-dependent acquisition approaches. Here, a data-independent method leveraging ion mobility spec-
trometry (IMS) and size-dependent fragmentation was developed and applied to characterize aquatic passive
samplers deployed near a North Carolina fluorochemical manufacturer. From the study, 11 PFAS structures for
various per- and polyfluorinated ether sulfonic acids and multiheaded perfluorinated ether acids were elucidat-
ed in addition to 36 known PFAS. Eight of these species were previously unreported in environmental media,
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and three suspected species were validated.

INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are a class of anthropo-
genic pollutants comprised of highly fluorinated aliphatic com-
pounds. Their unique properties have been leveraged since the
1950s to create a variety of industrial and household materials
with nonstick, repellant, and surfactant characteristics (1, 2).
However, these properties also lead to the high potential for toxicity,
environmental mobility, bioaccumulation, and environmental per-
sistence due to thermal inertness and resistance to biological break-
down (3-6). By the 2000s, global concerns were raised regarding
historically used long-chain perfluorinated alkyl acids (PFAAs),
particularly perfluorooctanoic acid (PFOA) and perfluorooctane-
sulfonic acid (PFOS). Manufacturers in most developed countries
began phasing out legacy compounds including PFOA and PFOS
and producing replacement fluorinated alternatives with similar
characteristics, such as short-chain PFAAs (perfluoroalkyl carbox-
ylic acids with <7 perfluorinated carbons or perfluoroalkyl sulfonic
acids with <6 perfluorinated carbons) and per- and polyfluoroalkyl
ether acids (PFEAs) (I, 7-9). Initial studies have demonstrated that
these replacements have similar toxicological and environmental
implications as their predecessors (9-13). This shift has resulted
in a proliferation of emerging PFAS, whether they are generated
as the intended commercial product compounds, their precursors,
manufacturing impurities, or degradation products. As of August
2021, the U.S. Environmental Protection Agency's (US EPA)
CompTox Chemicals Dashboard PFAS Master List has more than
14,000 entries (14). However, the exact number of unique PFAS is
difficult to estimate as additional compounds are continually
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developed and identified. Furthermore, a very small percentage of
these chemicals have any publicly available information on their
toxicological impacts or presence in the environment.

Most established analytical methods and PFAS monitoring
studies focus on legacy PFAS or include only a small subset of
emerging compounds. For example, the US EPA methods for
PFAS analysis in potable water quantify 14 to 25 unique PFAS
with less than half of the targets considered emerging PFAS based
on chain length and ether substitution (15—17). While this provides
important and useful information on a rapid time scale, targeted
methods cannot capture the growing list of PFAS. Mass balance
studies have demonstrated that known PFAS targets account for
only 1 to 50% of the total fluorine content of environmental
samples (18-21). Analytical methods enabling the discovery and
characterization of PFAS are therefore crucial to better understand
the hazards and environmental patterns of previously unknown
PFAS. Furthermore, uncovering unknown PFAS can ultimately
lead to the commercialization of authentic standards needed for
toxicological and quantitative studies, as well as alterations of estab-
lished targeted methods to monitor for PFAS of emerging concern
on regional or global scales. Thus, nontargeted approaches using
high-resolution mass spectrometry (HRMS) have been used to
detect, identify, and monitor emerging PFAS (18). Advances in
HRMS instrumentation and coupled front-end separations [e.g.,
liquid chromatography (LC) and IMS] enable measurements with
high resolving power, mass accuracy, and sensitivity. Thus, the re-
sulting platforms are well suited for the identification and monitor-
ing of various chemicals without a priori hypotheses about the
species present, publicly available chemical information, or com-
mercially available standards (22, 23).

While putative formulas can be assigned for unknowns using
full-scan HRMS data only, fragmentation data are required for
structural elucidation of spectral features. A common approach in
nontargeted analyses is to collect initial full-scan mass spectrometry
(MS)-only data followed by a second analytical run using a targeted
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MS/MS method to fragment features of interest identified in the
initial dataset (24-26). This is a relatively time-consuming approach
and limits the opportunity to reinterrogate the same dataset to find
additional compounds as chemical databases expand and data anal-
ysis software improves over time. Some HRMS platforms can make
several MS/MS injections and leverage an iterative exclusion
method to exclude ions previously isolated for fragmentation
from sequential runs to increase the fragmentation coverage. Alter-
natively, many nontargeted analyses use methods that collect both
precursor and fragmentation information in the same analytical
run. This is typically accomplished using data-dependent acquisi-
tion (DDA) methods, which select precursor ions for sequential
fragmentation in real time based on their relative intensity in the
full scan (e.g., the top 10 most intense ions are selected and frag-
mented). While this approach is highly useful for samples where
PFAS are the dominant signals, such as concentrated water collected
near point sources (27) or aqueous film-forming foams (AFFFs)
and other industrial formulations (28), it may not successfully
select and fragment PFAS when there are more abundant matrix
interferences such as biomolecules or polymer contaminants (18).
Furthermore, DDA is subject to stochastic sampling, meaning it
does not reproducibly select the same precursor ions for fragmen-
tation in each sample run, potentially leading to missing data and
relative abundance disparities. Data-independent acquisition (DIA)
methods can overcome the challenges faced by the two aforemen-
tioned methods in that both the precursor and fragmentation infor-
mation are collected in the same analytical run for all ions regardless
of their intensity in the full scan data. A variant of DIA known as all-
ions fragmentation (AIF) simultaneously fragments the entire
mass/charge ratio (m/z) range without any precursor selection by
collecting alternating frames of low and high collision energy
(CE). AIF has been previously applied to characterize commercial
surfactant concentrates (29) and find chloroperfluoropolyether car-
boxylates in New Jersey soil (referred to by the vendor-specific term
"MS®" rather than AIF) (30), providing 47 PFAS identifications in
the surfactants and 10 in the soil.

A potential limitation of AIF is that the deconvolution of frag-
ments can be challenging when all co-eluting precursors are frag-
mented in the same scan, whereas MS/MS spectra from DDA and
targeted experiments have unambiguous precursors due to the pre-
cursor selection process. Using IMS as a front-end separation tech-
nique, however, can greatly simplify the deconvolution process. IMS
is a gas-phase separation technique that separates ions based on
their size, shape, and charge state. Drift tube IMS is an IMS platform
in which ions are pulled through a drift tube filled with a buffer gas
(e.g., N,) by a weak electric field following ionization. Smaller ions
experience fewer collisions with the buffer gas and therefore migrate
faster through the drift tube and have a lower drift time. The ion's
drift time is directly correlated to its gas-phase size or collision cross
section (CCS; A%), a molecular descriptor that can be directly com-
pared to previous literature or database values (31). IMS separations
are rapid, typically occurring on a millisecond timescale; thus, they
are easily nested within LC separations (minute time scale) and MS
measurements (microsecond time scale). (32) Because the IMS sep-
arations occur before fragmentation and MS analysis, precursor and
fragment drift times are aligned, enabling better deconvolution in
AIF schemes. In addition, rather than applying a fixed CE, size-de-
pendent fragmentation can be used wherein the applied CE is
higher for lower mobility ions (i.e., larger size or lower charge
state). This dynamic, ramped CE approach was initially implement-
ed for peptide ion fragmentation (33) but has since been applied to
other biomolecules such as lipids (34, 35). In addition to size-based
fragmentation capabilities, the addition of IMS greatly benefited
other aspects of PFAS nontargeted analyses including isomer sepa-
rations, matrix distinction, and identification confidence due to
CCS validation (36-38).

In this work, we developed and applied an LC-IMS—collision—
induced dissociation (CID)-MS method, leveraging a size-depen-
dent AIF scheme, to detect and fragment PFAS captured by
aquatic passive samplers. Figure 1 outlines the nontargeted analysis
workflow we used to elucidate the molecular formulas and struc-
tures of several unknown PFAS. Following collection of the LC-
IMS-CID-MS data, we conduct feature finding to generate a list
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Fig. 1. General workflow for nontargeted per- and polyfluoroalkyl substances (PFAS) discovery using liquid chromatography-IMS—collision-induced dissoci-
ation—mass spectrometry (LC-IMS-CID-MS). Feature detection, filtering, and characterization steps are taken to elucidate structures. collision cross section (CCS)- or
drift time-related steps are unique to methods using IMS. ppm, parts per million; m/z, mass/charge ratio.
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of chemical features. These features were defined by specific isotopic
distributions and assigned a monoisotopic mass, IMS CCS value,
and LC retention time (RT). We then filter the feature list by
mass defect or the difference between the nominal and exact
mass, as PFAS have characteristically low or negative mass defect
values due to the prevalence of fluorine (39, 40). Furthermore,
PFAS have distinctly low CCS values or gas-phase sizes compared
to hydrocarbon-based molecules of similar mass (38). Plotting
feature CCS versus m/z values allows for rapid filtering of nonhalo-
genated features, as replacement of a hydrogen with a halogen
results in a large mass increase but a relatively small-molecular
size difference, as demonstrated by Foster et al. (38). Last, we inves-
tigate the filtered features for potential homologous series contain-
ing common repeating units, such as CF, groups, by plotting CCS,
RT, and CF, Kendrick mass defect (KMD) versus m/z (41-45). We
then characterize the remaining features with the highest intensity
features given the highest priority for investigation. We assign pu-
tative molecular formulas using accurate mass and isotopic distri-
bution and then screen for possible structural matches in the US
EPA's CompTox PFAS Master List (14), the NORMAN Suspect
List Exchange (46), PubChem, and previous literature pertaining
to the fluorochemical manufacturer of interest (24, 47, 48). Last,
we evaluate fragmentation spectra to validate database matches or
generate proposed structures. Together, we elucidated structures

of several unknown PFAS via the suspect screening matches (if ap-
plicable), observed fragments, and related chemicals.

Using this nontargeted analysis workflow, we identified PFAS
adsorbed to an aquatic passive sampler deployed downstream
from a fluorochemical manufacturer in North Carolina’s Cape
Fear River. This manufacturer is known to produce a variety of
emerging PFEAs such as hexafluoropropylene oxide dimer acid
(HFPO-DA, "GenX"). While GenX has been the major focus of
the Cape Fear River PFEA contamination, many other structurally
similar emerging PFAS have been detected within the river, often at
substantially higher abundance (24, 47-50). Furthermore, several
PFEAs have recently been detected in the serum of (i) individuals
with drinking water provided by the Cape Fear Public Utility Au-
thority (12), (ii) Cape Fear River fish (51), and (iii) alligators living
in the Cape Fear River basin and surrounding coastal waters (52). It
is therefore crucial to investigate unknown PFAS within the river as
an initial step toward determining their subsequent environmental
and health implications. Furthermore, the nontargeted methodolo-
gy and analysis workflow used here can be applied to elucidate
unique PFAS in environmental and biological media from world-
wide contaminated regions.
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Fig. 2. Drift time alignment and filtering of fragmentation data. (A) IMS-collision-induced dissociation—-mass spectrometry (IMS-CID-MS) abundance map of 6:2 FTS
[M-H]™ in plant material extract, demonstrating the utility of drift time filtering for the removal of interfering fragments from co-eluting precursors due to the matrix. All

signals outside of the purple horizontal box are removed when drift time filtering is a
and with drift time filtering where noise from polymer contamination is removed.
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RESULTS

Size-dependent fragmentation and alignment

To investigate the optimal CEs for fragmenting PFAS of various
chemical structures and sizes (i.e., drift times), 25 PFAS standards
spanning 7 PFAS classes underwent fragmentation at fixed CEs
ranging from 2 to 60 V (fig. S1). The resulting CE ramp for size-
based fragmentation assessing the optimal range for each standard
is displayed in figs. Sland S2. While drift times are dependent on
both size and charge, PFAS analytes with charge states greater
than 1— are rarely observed. Therefore, fragmentation based only
on size is discussed here as all analytes were singly charged.
Within each class of PFAS, we observed that a larger drift time cor-
related with a larger or equal optimal CE. Furthermore, as expected,
chemical composition also played a role in the optimal CE needed
to fragment a given ion. For example, 6:2/8:2 fluorotelomer phos-
phate diester (6:2/8:2 diPAP) has a larger size or drift time (34 ms)
than bis(heptadecafluorooctyl)phosphinic acid [8:8 phosphinic acid
(PFPi); 32 ms] yet had a much lower optimal CE of 30 V compared
to 60 V. Thus, PFPis require higher energy to induce fragmentation
than other PFAS with similar or even larger sizes. Therefore, we op-
timized the CE to lie within the optimal ranges of as many PFAS
standards as possible (fig. S2).

Beyond the ability to use size-dependent fragmentation, IMS is
also useful for deconvoluting DIA fragmentation spectra due to
drift alignment of precursor and fragment ions. To demonstrate
this, we validated the optimized size-dependent fragmentation
method with various complex matrices including human serum
(53), mouse tissue (54), and plant material (36) from previous
studies with known PFAS. Figure 2A displays a typical IMS-CID-
MS abundance map for a sample with a complex matrix. Here,
the IMS drift times are plotted along the y axis, while the m/z
values are on the x axis, and the intensities are shown as a
heatmap. In the plant material extract example, the 6:2 fluorotelom-
er sulfonate (FTS) deprotonated precursor at a drift time of approx-
imately 22.5 ms is circled in red with its drift-aligned fragments
circled in maroon. Abundant fragments arising from co-eluting
precursors from the matrix at higher or lower drift times are
circled in gray. The higher drift time fragments are likely from bio-
molecules such as lipids, whereas the lower drift time fragment may
be from a co-eluting PFAS ion. The purple horizontal box shows the
drift time filtering window imposed by Skyline (55), which is back-
calculated on the basis of the precursor CCS value, instrument re-
solving power, high-energy drift time offset value (35, 56), and
single-field calibration parameters (57). All signals outside of this
drift time window are removed upon data extraction, similar to
signals outside of the precursor m/z window based on the resolving
power of the mass analyzer, and only the filtered data are displayed
on the extracted ion chromatogram (fig. S3). Figure 2B gives
another example of the utility of drift time filtering; however, in
this case, only the fragmentation spectra are shown without the
IMS dimension. In this example, the Nafion byproduct 6 (NBP6)
fragmentation spectrum has highly abundant noise due to
polymer contamination of the sample. This spectrum would be dif-
ficult to interpret, especially if it were an unknown compound
without library reference spectra. However, when drift time filtering
is imposed in the same fashion as Fig. 2A, the noise is fully removed,
and the drift-aligned fragments become readily interpreted.

Kirkwood-Donelson et al., Sci. Adv. 9, eadj7048 (2023) 25 October 2023

Nontargeted analysis of aquatic passive samplers

The LC-IMS-MS platform used in this work has previously been
applied to nontargeted PFAS analyses; however, structural elucida-
tion was not possible as fragmentation information was not collect-
ed (36-38). Here, we leveraged the optimized LC-IMS-CID-MS
method with size-dependent AIF to collect comprehensive precur-
sor and fragmentation data for all PFAS captured by passive sam-
plers commonly used to screen for algal toxins in aquatic systems
deployed in an upstream reservoir and directly downstream from
a major fluorochemical manufacturer along the Cape Fear River
in North Carolina (58). The data collected from these samples un-
derwent analysis using the general workflow shown in Fig. 1. We
also annotated the data in parallel to this workflow using a targeted
LC-IMS-MS Skyline library of >100 PFAS with known m/z, RT, and
CCS values generated from authentic standards (38). Evaluation of
the aquatic passive samplers deployed downstream of the fluoro-
chemical manufacturer illustrated 36 known identified PFAS.
While these identified PFAS are important from an environmental
monitoring perspective, the focus of this application was solely on
unknowns; therefore, these features with a library match (table S1)
were disregarded in the following discussion. Next, we screened the
remaining unknown features of interest to ensure that they were not
additional forms of the library matched PFAS, such as dimers, frag-
ments, or additional adducts. We then characterized the remaining
unknowns with the highest intensity features given highest priority
for elucidation. Additional details on molecular assignment are
given in Materials and Methods. Using this workflow, 21
unknown fluorinated features of interest were detected in addition
to the 36 detected known, library-matched PFAS (table S1). Of the
detected unknowns, 14 unique molecular formulas were assigned
comprising 22 total features upon inclusion of isomers. A plot of
the CCS versus m/z values of all unknown features and known
library PFAS is displayed as fig. S4.

None of the unknown features of interest were detected from the
“control” aquatic passive sampler deployed in a lake upstream of the
fluorochemical manufacturer. At this location, only 20 known PFAS
were detected, which is expected given the ubiquitous, persistent
nature of legacy PFAS. Furthermore, not all PFAS detected in the
downstream sample are produced by the fluorochemical manufac-
turer, so they may have originated from other sources such as AFFF
usage. The unknown features of interest, however, were only detect-
ed in the downstream sample and do likely originate from the point
source as they are structurally related to the known manufacturing
products. A feature initially annotated as the cyclic PFOS analog
perfluoroethylcyclohexanesulfonate (PFECHS) was found at
similar abundance both upstream and downstream of the fluoro-
chemical manufacturer. This compound has been detected in
surface water in the Great Lakes and the North and Baltic Seas, as
well as in pine needles collected near Raleigh-Durham International
Airport in North Carolina (36, 59, 60). Upon further investigation,
it was clear that while PFECHS was likely present, at least five to
seven additional unsaturated PFOS (U-PFOS) isomers were also
present (fig. S5). These isomers are likely a mixture of linear and
branched PFOS analogs with a single double bond, as they had
larger drift times, and therefore larger sizes than the compact
cyclic PFECHS. Linear U-PFOS isomers with a double bond
between C5 and C6 or between C6 and C7, as well as some potential
branched isomers, have previously been detected in human serum
and drinking water near an AFFF-contaminated area (61). The lack
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of LC peak resolution and comprehensive fragmentation did not
allow for full deconvolution and annotation of this isomer mixture.

Structural elucidation of unknown PFAS

Upon assessment of the unknown PFAS from the downstream
aquatic passive samplers, we elucidated structures for 11 of the 14
assigned molecular formulas (Fig. 3). These structures align well
with the findings of surface water analysis from McCord and
Strynar from a nearby region of the Cape Fear River approximately
1 year after the deployment of the aquatic passive samplers used
here (24). This study reported 38 unique molecular formulas, 17
of which were also assigned here as both known and unknown fea-
tures (table S2). Most of the overlapping compounds were consid-
ered known PFAS in this study, including GenX, multiple Nafion
by-products (1, 2, 4, 5, and 6) PFO4DA, PFO30A, hydro-EVE,
NVHOS, and per- and polyfluoroalkyl ether sulfonic acid
(PFEESA). A similar framework was used to group the proposed
candidate structures for unknowns, including polyfluorinated
ether sulfonic acids, perfluorinated ether sulfonic acids, and multi-
headed perfluorinated ether acids. While both carboxylic and

Polyfluorinated ether sulfonic acids
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Compound 2 - C5H,F,0,S
Level 2b (CID 163324631)
m/z 346.9441, 140.2 A2

Compound 9 - CgHF30,S
Level 2b (CID 12865309)
m/z 414.9315, 150.9 A2

sulfonic acids were found in McCord and Strynar's study (24), we
elucidated only PFESAs here excluding those with multiple acidic
sites. This may be due to the underrepresentation of PFESAs
within the library used to initially annotate the data, with 19 per-
and polyfluoroalkyl ether carboxylic acid (PFECA) targets and
only 7 PFESAs, likely a result of fewer commercially available
PFESA standards. This may also be due to the difference in chemical
properties and size of sulfonic and carboxylic acids, which can affect
passive sampler HP20 resin binding efficiency, extraction efficiency,
and ionization efficiency. Furthermore, PFESA features are more
apparent, therefore more readily assigned molecular formulas,
due to the unique isotopic distribution of sulfur-containing com-
pounds with a relatively high M + 2 signal (95.02% **S and 4.21%
*S). HP20 is a nonpolar styrene-divinylbenzene adsorbent resin;
therefore, the small, relatively polar PFECAs that were highly abun-
dant in McCord and Strynar’s surface water analysis, such as 2,2 di-
fluoro-2-(trifluoromethoxy)acetic acid, are unlikely to effectively
adsorb. This is a potential limitation of this passive sampler,
similar to HLB or C18 stationary phase use for PFAS solid-phase
extraction and separation. Further studies are needed to assess the
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Compound 6 - C;;H,F,,05S
Level 2b (CID 22568739)
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m/z 534.9174, 167.5 A2

Fig. 3. Elucidated structures of 11 unknowns. Proposed structures, assigned molecular formulas, identification confidence levels (65), identifiers (CAS RN or PubChem
CID), and experimental descriptors [deprotonated m/z and collision cross section (CCS)] are given for each compound. The eight underlined compounds are reported

here in environmental media.

Kirkwood-Donelson et al., Sci. Adv. 9, eadj7048 (2023) 25 October 2023

50f 10



SCIENCE ADVANCES | RESEARCH ARTICLE

HP20 binding affinity for PFAS and characterize the equilibration
time and resulting bias introduced by selecting for a fraction of
aquatic contamination. Only the most abundant features were char-
acterized here; therefore, several PFECAs may have been present at
too low of abundances for structural elucidation due to these pos-
sible limitations.

In this study, the first group of elucidated structures, compounds
1 to 3, are polyfluorinated (1H-substituted) ether sulfonic acids
(figs. S6 to S8). The production of polyfluorinated ether sulfonic
acids (R-OCFH-CF,-S03) and their use as fluoropolymer surfac-
tants are described in patent literature (62, 63). These chemicals
are suspected to arise from the manufacturing of Nafion, a
polymer used as a cation exchange membrane for various applica-
tions such as fuel cells and electrodialysis (64). Compound 1, while
relatively low in abundance, was also reported by McCord and
Strynar with matching fragmentation; thus, it was assigned a confi-
dence level of 2a (65). These fragments indicate a hydrogen substi-
tution between the sulfonic acid head group and ether linkage;
however, most of the polyfluorinated ether sulfonic acids have hy-
drogen substitutions on the tail end of the ether, including com-
pounds 2 and 3. Compound 2 was detected by McCord and
Strynar; however, no structure was assigned because the diagnostic
fragment ion (167 m/z) was not detected (24). While this fragment
is not indicative of the precise hydrogen location, Compound 2 is a
—CF, homolog of NBP6, with one shared fragment and one distinct
fragment at the ether linkage differing by m/z 50 (49.9968, CF,).
Thus, the hydrogen location of NBP6 was conserved in the pro-
posed structure for Compound 2. Compound 3 is a —CF,
homolog of NBP2 with several shared fragments as well as distinc-
tive fragments at both ether linkages differing by m/z 50. A
PubChem molecular formula search for this compound returned
various isomers, none of which would generate the three most
abundant fragments, which each indicate a branched core structure
and an OCF,H tail. Two remaining unknown features assigned pu-
tative molecular formulas are likely polyfluorinated ether sulfonic
acids given the characteristic sulfur-containing isotopic distribution
and the presence of multiple hydrogens (unknowns 1 and 2; table
S1). However, they returned no suspect screening matches and did
not provide enough fragmentation evidence to fully elucidate their
structures.

The second group of elucidated structures are perfluorinated
ether sulfonic acids, a common contaminant in this region given
the production of Nafion (24, 48, 49). Compounds 4 to 6 belong
to the perfluoro(2-ethyoxyethane)sulfonic acid (PFEESA) homolo-
gous series. As displayed in Fig. 4, each additional +CF, results in an
m/z increase of 50, along with steady increases in RT (hydrophobic-
ity; Fig. 4A) and CCS (gas-phase size; Fig. 4B). Furthermore, each
homolog gave a characteristic ether tail fragment, which also in-
creased by m/z 50 intervals (figs. S9 to S11). PFEESA was detected
as a known library match, and PFPrESA has previously been detect-
ed in water (24); however, the larger homologs PFBESA and
PFPeESA have not been previously reported in environmental
media but have been described in patent literature regarding pho-
toresist polymers. Compound 7 is a +CF, homolog of NBP1, a per-
fluorinated byproduct of Nafion production with an unsaturated
ether tail (OCF=CF,). An isomer of Compound 7 was reported in
McCord and Strynar; however, comparison of the fragments ob-
served here to those observed for NBP1 suggested the additional
CF, group was located between the two ethers linkages rather
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than between the sulfonic acid head group and ether linkage (fig.
$12) (24). Compound 8 is a fragmentation-based candidate struc-
ture [level 3b confidence; (65)] for an additional perfluorinated
NBP. A lack of internal fragmentation made it difficult to assign
complete linkage isomerization. The single PubChem molecular
formula match for this feature is a linear isomer of compound 8
with repeating OCF, units that would not produce any of the diag-
nostic fragments observed for this compound (fig. S13). In addition
to the deprotonated ion, compound 8 also produced a less abundant
[M + H,O-H] ™ adduct (fig. S14).

The final group of elucidated structures are perfluorinated ether
acids with multiple acidic sites, specifically PFEAs with both car-
boxylic and sulfonic acid head groups. These unique compounds
are characterized by an overabundance of oxygens (>6) relative to
the number of carbons, with at least two hydrogens for both
acidic sites. Diagnostic ions for both head groups were observed
for each compound. Previous literature has proposed similar struc-
tures as unintended side products in fluoropolymer production and
degradation (66, 67). Compound 9 was first reported by McCord
and Strynar as a precursor of NBP2, where transformation by decar-
boxylation during production, waste treatment, or naturally in
surface waters would yield a compound with a hydrogen at the
site of the carboxylic acid (figs. S15 and S16) (24). Compound 10
has not previously been reported in environmental media but has
also been described in patents regarding photoresist polymers (figs.
S17 and S18). In this case, the potential decarboxylated polyfluori-
nated ether sulfonic acid transformation product was not detected
nor has it been described previously. Compound 11 is a fragmenta-
tion-based candidate structure [level 3b confidence; (65)] for an ad-
ditional multiheaded perfluorinated ether acid. While it has similar
structural components to compound 8, the respective fragmenta-
tion spectra indicate differing positions of those components;
thus, it is not likely a precursor for this compound; however, it
may be a precursor to an isomer of compound 8 that was not de-
tected here (fig. S19). In addition, two remaining unknown features
assigned putative molecular formulas are likely perfluorinated ether
acids with multiple acidic sites given an overabundance of oxygens
(unknowns 3 and 4; table S1). However, they returned no suspect
screening matches and did not provide enough fragmentation evi-
dence to fully elucidate their structures.

DISCUSSION

With increasing global restrictions on legacy PFAS because of envi-
ronmental and health concerns, the introduction of thousands of
emerging PFAS has led to the need for nontargeted methods to
detect and characterize unknown fluorinated species in the environ-
ment. This study demonstrates the effectiveness of a data-indepen-
dent LC-IMS-CID-MS method using a size-dependent
fragmentation scheme to produce informative fragments for all
ions regardless of their intensity. We applied this method to
aquatic passive samplers deployed upstream and downstream
from a fluorochemical manufacturer in North Carolina. The up-
stream reservoir sample representing background water content
contained mostly legacy PFAS, with the exception of a mixture of
various cyclic, branched, and linear unsaturated PFOS isomers.
Twenty-one unknown fluorinated features of interest were detected
in the downstream sample, resulting in 14 unique molecular formu-
las and 11 candidate structures. These structures include

6 of 10



SCIENCE ADVANCES | RESEARCH ARTICLE

OFF _ F 10.0 -
= 1l (o)
" o
(':l) FF F F £ 904
F £ PY
PFEESA ¥ -
Ref. standard match E 7]
o S 701 ®
T 0. F F 5
o= F T 6.0
OFF F = 2 ®
PFPrESA F 50 : ; . ,
Spectral match 300 350 400 450 500
o B 160 - m'z
- o f F @
i F 155 |
OFF F F
PFBESA F /°F & 54 ®
Unreported pre
8 145 °®
(I? F F o F
08 140 1
OFF Fe ®
F 135 . . . ;
FPTHESN FEOF 300 350 400 450 500
Unreported
m/z

Fig. 4. Perfluoro(2-ethyoxyethane)sulfonic acid (PFEESA) homologous series trends. In addition to conserved fragmentation patterns, each homolog with an ad-
ditional CF, steadily increased in (A) retention time (RT) and (B) collision cross section (CCS), improving confidence in the previously unreported identifications (PFBESA

and PFPeESA).

polyfluorinated ether sulfonic acids, perfluorinated ether sulfonic
acids such as the PFEESA homologous series, and multiheaded per-
fluorinated ether acids, all of which arise from manufacturing of
various fluoropolymers. Structurally similar chemicals have been
reported and studied along the same river and worldwide (12, 13,
24, 48, 51, 52, 68). Further studies to validate the candidate struc-
tures proposed here using authentic chemical standards are
needed; however, the multidimensional evidence strongly points
to these molecular identifications. Following validation, these com-
pounds may be of interest for future monitoring and toxicologi-
cal studies.

MATERIALS AND METHODS

Materials

Chemical standards were obtained from Wellington Laboratories
(Guelph, Canada), including PFAC-MXC (C4-Cy3, Ci6, and Cyg
perfluorocarboxylic acids and C4-Cy; perfluorosulfonic acids), 6:2
FTS, HFPO-DA (GenX), PFEESA, 8:8 PFPi, 6:8 PFPi, 6:6 PFPj,
8:2 diPAP, 6:2/8:2 diPAP, and 6:2 diPAP. The complex matrices
and aquatic passive samplers were all spiked with the MPFAC-C-
ES internal standard mix (*>C,-PFBA, ">Cs-PFPeA, '>C4-PFHpA,
13C5-PFHxA, PC4-PFOA, *Co-PENA, *C4-PEDA, *C,-PFUdA,
13C,-PFDoA, '*C,-PFTeDA, *C;-PFBS, '*C;-PFHxS, and *Cq-
PFOS) before extraction. For extractions and mobile phases,
Optima LC-MS—grade methanol, water, and ammonium acetate
were obtained from Thermo Fisher Scientific (Hampton, NH).

LC-IMS-CID-MS analysis and CE ramp development

Nontargeted LC-IMS-CID-MS data were collected on an Agilent
6560 IMS-quadrupole time-of-flight (QTOF) coupled with an
Agilent 1290 Infinity LC System (Agilent Technologies, Santa
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Clara, CA). The LC method used here has been previously described
(36-38). Briefly, 2-nl injections were chromatographically separated
using a C18 Agilent ZORBAX Eclipse Plus column (2.1 x 50 mm,
1.8 um) with a flow rate of 0.4 ml/min. Mobile phase A was com-
posed of 5 mM ammonium acetate in water, and mobile phase B
(MPB) consisted of 5 mM ammonium acetate in 95:5 methanol/
water. The LC gradient with a flow rate of 0.4 ml/min was as
follows (% MPB:time): 10%:0 min, 10%:0.5 min, 30%:2 min,
95%:14 min, and 100%:14.5 min held for 2 min. The gradient was
followed with a 6-min reequilibration at 10% MPB for a total run
time of 22.5 min. An Agilent Jet Stream ESI source (Agilent Tech-
nologies, Santa Clara, CA) was operated in negative ionization
mode with the source conditions summarized in table S3. IMS-
MS settings are summarized in table S3. Agilent ESI tune mix sol-
ution (Agilent Technologies, Santa Clara, CA) was directly injected
to mass calibrate the instrument and calculate CCS values for the
PFAS analytes using a previously described and validated single-
field calibration method (37). Briefly, tune mix ions with known
CCS values served as calibrants for relating measured analyte drift
times to CCS values. The LC-IMS-MS method used here has been
previously characterized and variation was minimal, with 0 to 0.3%
relative standard deviation (RSD) of calculated CCS values and 0- to
0.12-min RT variations, or less than 1% RSD (37). All data were col-
lected using a DIA method with an AIF scheme, i.e., alternating
frames of low (precursor) and high (fragment) energy scans with
no precursor selection. In addition, the aquatic passive sampler
samples were reinjected and collected in MSI1-only mode with
IMS operating in 4-bit multiplexing mode (69). All other LC-
IMS-MS settings were conserved for these instrument runs (tables
S3 and S4) with the exception of a 3900-us funnel trap fill time and
100-ps trap funnel release time.
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To develop and optimize the size- and charge-based CE ramp,
neat standard and standard mixture data were collected with fixed
CEs. The PFAC-MXC (C4-Cy3, Cy6, and C;g perfluorocarboxylic
acids and C4-C;; perfluorosulfonic acids) standard mixture was
run with fixed CEs of 2, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55,
and 60 V. In addition, 6:2 FTS, two PFEAs GenX and per-
fluoro(2-ethoxyethane)sulfonic acid (PFEESA), three perfluoroalk-
yl phosphinates (8:8 PFPi, 6:8 PFPi, and 6:6 PFPi) and three
perfluoroalkyl phosphate diesters (8:2 diPAP, 6:2/8:2 diPAP, and
6:2 diPAP) were run with fixed CEs of 10, 20, 30, 40, 50, and 60
V. The CE that gave the highest fragment peak area percentage
and the greatest number of diagnostic fragments was determined
to be the optimal CE for each standard. Acceptable ranges included
other CEs above and/or below the optimal value that gave the ma-
jority of the same fragments as the optimal CE, each at an acceptable
relative abundance (figs. S1 and S2). The optimized CE ramp was
then validated using the same standards as used in development,
along with extracts from the National Institute of Standards and
Technology (NIST) Standard Reference Material (SRM) 1957
(organic contaminants in nonfortified human serum), livers from
C57BL/6 mice dosed with PFOA and GenX, and pine needles con-
taining PFAS (36, 53). The optimized CE ramp values are displayed
in table S5.

Aquatic passive sampler application

The optimized LC-IMS-CID-MS method was applied to elucidate
PFAS captured by a passive sampler (58) deployed in the Cape
Fear River downstream from a major fluorochemical manufacturer
in North Carolina (fig. S20). The passive sampler consisted of HP20
resin between 80-pm Nitex mesh and was deployed at Kings Bluff
(N 34.405°, W 78.295°) on the Cape Fear River in July of 2016. A
second passive sampler was deployed over the same time period in
Jordan Lake (N 35.825°, W 78.998°), a reservoir upstream of the flu-
orochemical manufacturer, to represent background water content.
The passive samplers were frozen at —20°C until extraction and
analysis. Before extraction, the passive samplers were pulled from
the freezer and thawed and the internal resin was collected, dried
overnight, and weighed. A method blank was created with no
resin and carried through the extraction alongside the experimental
samples. Eight milliliters of methanol containing the MPFAC-C-ES
internal standard mix was added to approximately 1 g of resin and
vortexed. Two milliliters of water was then added, and the samples
were vortexed and then sonicated for 1 hour. The extract was then
filtered through a Whatman 0.45-pm glass microfiber syringe filter
to remove solid particles from the resin. Last, the extracts were dried
under vacuum and reconstituted in 200 ul of 2 mM ammonium
acetate in 40:60 methanol/water.

Data analysis

MS1-only data files for the aquatic passive samplers were demulti-
plexed using the PNNL PreProcessor with a signal intensity thresh-
old of 20 counts (70). The demultiplexed data files along with all of
the LC-IMS-CID-MS data files were single-field—calibrated for drift
time—CCS conversions using Agilent ESI tune mix data in Agilent
MassHunter IM-MS Browser 10.0 software (57). The CE ramp de-
velopment and validation data were processed and analyzed within
Skyline-daily software (v22.2.1) using a transition list populated
with the RT, CCS value, and precursor and product m/z values
for each PFAS target. Drift time filtering was used with a resolving
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power of 40 to remove off-target noise and interferences. A high
energy ion mobility drift time offset value of —0.2 ms was applied
to account for the slightly lower fragment ion drift times compared
to the precursor ions due to slightly higher velocities imparted into
the smaller fragments from the CID voltage.

The aquatic passive sampler data were initially screened for
known PFAS using a targeted LC-IMS-MS library built from au-
thentic standard data containing the class, name, molecular
formula, adduct, m/z, RT, and CCS values for >100 individual
PFAS (38). Feature finding was done manually and using Agilent
MassHunter IM-MS Browser 10.0 software. The resulting feature
list was filtered by identifying features with mass defect and CCS
values characteristic of fluorinated chemicals. In addition, features
that were present in the method blank and/or the upstream sample
collected from a lake upstream of the fluorochemical manufacturer,
as well as those determined to be additional features arising from
known PFAS (i.e., different adducts, dimers, and in-source frag-
ments), were removed. Features of interest and their retention
and drift time-aligned fragments were then imported into
Skyline-daily for further analysis. Skyline was used to calculate
the observed CCS values of each feature, and then, drift time filter-
ing was used with a resolving power of 50 and high-energy drift time
offset value of —0.1 ms to remove noise and interferences in the pre-
cursor and fragmentation data. Putative molecular formula assign-
ments were made where possible using MassHunter's formula
generator tool. The putative formulas were then input into
Skyline to validate the observed isotopic distribution and accurate
mass against the theoretical values. In some cases, MassHunter
could not generate formulas from the given m/z values, or the for-
mulas generated did not match the observed accurate mass and iso-
topic distribution; thus, some features have no formula reported.
For those with assigned formulas, IMS-CID-MS spectra were man-
ually examined for features with putative formulas to attempt to elu-
cidate their molecular structures. The assigned formulas were
screened against the EPA’s CompTox PFAS Master List (14), the
NORMAN Suspect List Exchange (46), PubChem, and previous lit-
erature pertaining to the fluorochemical manufacturer of interest to
identify potential known structure matches (24, 47, 48). Fragment
ions were also assigned partial formulas in a similar fashion to the
precursors. Assigned formulas for each fragment ion are displayed
in the legends of figs. S3, S5 to 13, S15, S17, and S19. In the absence
of characteristic fragments or suspect screening matches and related
chemicals, only molecular formulas or feature m/z values were re-
ported. Characteristic fragments included unique fragments used
for structural elucidation and commonly observed perfluoroalkyl
sulfonic acid fragments (e.g., SO;~, SO;F~, C,F,SO;~, and
C,F,,.117). Each feature was assigned a confidence score based on
the PFAS-specific confidence criteria from Charbonnet et al. (65).
Briefly, level 1 identifications are confirmed, level 2 are probable
structures, level 3 are candidate structures, level 4 have a determined
molecular formula, and level 5 are exact masses of interest (65). All
identifications here, except for those assigned level 5b (nontarget
exact masses of interest), met the criteria of identification by accu-
rate mass, mass defect, and isotopic pattern. PFAS identifications
confirmed with a reference standard RT, CCS, and fragmentation
spectrum match were assigned a confidence level of 1a. Probable
structures with a mass spectral library or literature reference spec-
trum match were assigned a confidence level of 2a, whereas proba-
ble structures with diagnostic fragments but no spectral library
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match available were level 2b. Fragmentation-based candidate
structures were assigned a confidence level of 3b. Unequivocal mo-
lecular formulas with no proposed structure were assigned a confi-
dence level of 4 (table S1). Note that this criterion does not include
IMS information, which is a substantial factor in the identification
confidence in some cases. (65)

Supplementary Materials
This PDF file includes:

Figs. S1 to S20

Tables S1 to S5
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