
Communicating Confidence of Per- and Polyfluoroalkyl Substance
Identification via High-Resolution Mass Spectrometry
Joseph A. Charbonnet, Carrie A. McDonough, Feng Xiao, Trever Schwichtenberg, Dunping Cao,
Sarit Kaserzon, Kevin V. Thomas, Pradeep Dewapriya, Benjamin J. Place, Emma L. Schymanski,
Jennifer A. Field, Damian E. Helbling, and Christopher P. Higgins*

Cite This: https://doi.org/10.1021/acs.estlett.2c00206 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Per- and polyfluoroalkyl substances (PFASs) are important
environmental contaminants, yet relatively few analytical reference standards
exist for this class. Nontarget analyses performed by means of high-resolution
mass spectrometry (HRMS) are increasingly common for the discovery and
identification of PFASs in environmental and biological samples. The certainty of
PFAS identifications made via HRMS must be communicated through a reliable
and harmonized approach. Here, we present a confidence scale along with
identification criteria specific to suspect or nontarget analysis of PFASs by means
of nontarget HRMS. Confidence levels range from level 1a“Confirmed by
Reference Standard,” and level 1b“Indistinguishable from Reference Standard,”
to level 5“Exact Masses of Interest,” which are identified by suspect screening
or data filtering, two common forms of feature prioritization. This confidence
scale is consistent with general criteria for communicating confidence in the
identification of small organic molecules by HRMS (e.g., through a match to
analytical reference standards, library MS/MS, and/or retention times) but incorporates the specific conventions and tools used in
PFAS classification and analysis (e.g., detection of homologous series and specific ranges of mass defects). Our scale clarifies the level
of certainty in PFAS identification and, in doing so, facilitates more efficient identification.

KEYWORDS: per- and polyfluoroalkyl substances (PFASs), high-resolution mass spectrometry (HRMS), confidence scale,
nontarget analysis (NTA), suspect screening, isomers

■ INTRODUCTION

Per- and polyfluoroalkyl substances (PFASs) are a large class of
environmental contaminants, many of which are ubiquitous and
persistent in the environment.1−3 Since PFAS structures are
often proprietary and analytical reference standards exist for
relatively few PFASs, nontarget analyses are essential for the
discovery and identification of PFASs in environmental and
biological samples. High-resolution mass spectrometry
(HRMS) is a powerful technique that can be used for nontarget
analysis of environmental organic contaminants and is an
increasingly common analytical choice for PFAS investigations.
Guidance4 and tools5−7 have been developed to facilitate

nontarget HRMS PFAS analysis. However, no PFAS-specific
guidance exists for communicating confidence in the certainty of
HRMS identifications. Schymanski et al. provided a broad
guidance for communicating confidence in nontarget HRMS
identifications with varying levels of structural certainty and
invited researchers to define sublevels “on a per-study basis
where evidence supporting different proposed structures is
clearly presented.”8 In this Global Perspective, we contextualize
those 2014 guidelines and define sublevels and identification
criteria specific to the study of PFASs which contain a CnF2n+1

moiety with n ≥ 2 (i.e., typically PFASs which occur in
homologous series). This clarification and contextualization is
necessary due to the characteristics of PFASs. For example, the
structures of PFASs found in a homologous series differ only by
the number of perfluorinated carbons in their tail. Consequently,
confident identification of a single homologue can provide
evidence to support the identification of other homologues in
the series. However, studies have varied in their interpretations
of the certainty provided by homologue detections,4,9,10

suggesting the need for more harmonized communication of
confidence.
Greater clarity is also needed in communicating confidence in

isomeric PFAS structures. For example, electrochemical
fluorination produces both branched and linear PFAS isomers,
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and the relevant branching occurs only in the perfluoroalkyl
tail.11 Branched and linear isomers are conventionally
considered the same PFASs for regulatory purposes, and data
are often provided for summed isomer concentrations. The
position of the branching is not routinely distinguished by liquid
chromatography (LC)-HRMS.12 However, when the isomer-
ization occurs in the headgroup, the structures are convention-
ally considered distinct PFASs. Similarly, constitutional isomers
(i.e., structural isomers with distinct functional groups, rather
than different positions of the same functional group) are
considered distinct PFASs, even when the isomerization occurs
only in the fluorinated tails of their structures (e.g., unsaturated
perfluorooctanesulfonate [UPFOS] and perfluoro-4-ethylcyclo-
hexane [PFEtCHxS]; Figure 1).

To account for these and other nuances, our scale provides
detailed guidance for communicating the certainty of PFAS

identification from HRMS-derived data. Nonetheless, other
evidence can (and typically should) be used to confidently
ascertain the identities of PFASs found in the environment. We
first present confidence levels and identification criteria tailored
to nontarget HRMS studies of PFASs which contain a CnF2n+1
moiety with n ≥ 2. We then provide guidance on specific
identification criteria used to establish confidence. Our
confidence scale arises from a need for a more reliable and
harmonized identification and reporting approach for PFASs.

■ IDENTIFICATION CONFIDENCE
Table 1 lists the proposed confidence levels for PFAS
identification. Criteria highlighted in blue are required for
PFAS identification at the given confidence level. At least one of
the criteria highlighted in gray must be met at the given
confidence level, but not all are required. Becausematching to an
analytical reference standard or MS/MS library spectrum
provides a high degree of certainty, high-confidence identi-
fications meeting those rigorous criteria need not additionally
present a prescribed number of matching MS/MS fragments in
experimental results. However, MS/MS fragmentation is a
crucial component of all library matching algorithms, and
presenting spectra for level 2a and greater identifications may be
nonetheless useful. An example decision tree for establishing
confidence levels is provided in the Supporting Information
(Figure S1).

Level 1a: Confirmed by Reference Standard. Level 1a
identification requires confirmation by matching a feature’s
exact mass, isotope pattern, retention time, and MS/MS
spectrum to those of an analytical reference standard in a
matrix-matched sample analyzed on the same instrument and
run as the feature. Due to the varied and proprietary methods
through which HRMS platforms compare experimental and

Figure 1. (a) 1-UPFOS (CID 162420437) and (b) 2-UPFOS (CID
162420438) are (tail) positional isomers which differ by the position of
the same functional group (i.e., unsaturated bond), whereas UPFOS
and (c) PFEtCHxS (CID 101650) are constitutional isomers with
distinct functional groups.

Table 1. Criteria for PFAS Identification at Various Confidence Levelsa

aBlue highlights with bold typeface indicate required criteria for PFAS identification at a certain confidence level. Gray highlights and italic typeface
indicate where any of several criteria may be used in identification.
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library spectra, it remains challenging to define a threshold score
for an acceptable library spectrum match. However, an
identification with level 1a confidence should provide every
indication that the feature identified matches the exact structure
of the analytical reference standard. The analytical reference
standard should be of high quality and fully characterized for
isomer-specific identity and purity using several orthogonal
analytical approaches. Such standards typically come from a
recognized manufacturer but can also be synthesized in-house
(so long as that synthesized standard has been conclusively
characterized, e.g., to NIST Highest Confidence standard).13

Level 1b: Indistinguishable from Reference Standard.
Certain PFASs have isomers with different positions of
substitution, branching, or unsaturated bonds within their
fluorinated tails that are virtually indistinguishable based on
MS/MS fragmentation. Such PFASs may be identified at level
1b if they can be confirmed with an analytical reference standard
(i.e., by accurately matching mass, isotopic pattern, MS/MS
spectrum, and retention time), despite the existence of known
structures with potentially indistinguishable fragments. For
instance, the position of a substituted chlorine atom in a PFAS
structure may be difficult to distinguish by HRMS, as the
chlorine atom may be lost as chloride and leave a neutral chain
fragment.14

Branched and linear isomers are often distinguishable from
analytical reference standards by their distinct chromatographic
signal. Consistent with the convention that branched isomers
are grouped together, such isomers should be identified at the
highest confidence level determined for any single isomer within
a sample (see Level 3a: Positional Isomer Candidates). If
specific branched isomers are not distinguishable, their match to
a reference standard cannot achieve greater confidence than
level 1b.
Level 2: Probable Structures. At level 2, the probable

structure of an analyte is identified principally using a library
MS/MS spectrum or diagnostic chemical characteristics (e.g.,
accurate mass, mass defect, and isotopic pattern). Frequently
though not alwaysthese PFASs also match an exact mass on a
suspect list.
If an MS/MS library spectrum is not available to support the

identification with level 2a certainty, diagnostic evidence
including the experimental conditions,8 MS/MS fragmentation
pattern, and co-occurrence of homologues or a retention time
consistent with the proposed structure enables identification of a
probable structure at confidence level 2b (see High-Resolution
MS/MS Spectra). Such information can also be used to identify
a probable PFAS structure with fewer diagnostic fragments at
confidence level 2c. Since levels 2b and 2c describe different
methods of determining a probable structure from diagnostic
evidence, the two levels should generally be considered
comparable to each other. However, consecutive letters have
been chosen for the ease of presentation and reporting.
Level 2a: Probable by Library SpectrumMatch. At level

2a, a probable structure is identified by its accurate mass, mass
defect, and isotopic pattern and matching an MS/MS spectrum
in a mass spectral library, because no analytical reference
standard was used (or available) to establish level 1 confidence.
The deconvoluted spectrum should contain a sufficient number
of diagnostic fragments consistent with the library spectrum to
rule out other structural isomers.
To ensure that the analyte and library MS/MS spectra

originate from the same structure, a level 2a identification should
match a spectrum found in a curated and widely accessible

spectral library (i.e., the library spectrum and its match to the
experimental data must be reproducible). Such libraries are
available from HRMS platform manufacturers, government
agencies, and the public domain (e.g., MassBank).15,16 In-house
amendments to these libraries are commonplace in many
research laboratories; however, researchers should be mindful of
the “environmental purity” of the library sample, with environ-
mental samples often generating less pristine spectra than either
technical grade standards or components in commercial
mixtures (e.g., aqueous film-forming foam; AFFF).

Level 2b: Probable by Diagnostic Fragmentation
Evidence. Many forms of evidence in addition to MS/MS
fragmentation (e.g., parent compound identity, ionization
behavior, synthesis pathway) may contribute to identifying an
analyte with level 2b certainty. However, at level 2b confidence,
the MS/MS spectrum of a PFAS should contain at least three
fragments that qualify as diagnostic evidence (see High-
Resolution MS/MS Spectra). For many novel PFASs, this
amount of fragmentation is the minimum necessary criterion to
distinguish a specific headgroup.17

Ideally, at least one candidate homologue can be detected to
support fragmentation evidence at level 2b. However, for some
novel PFASs, no candidate homologues may be detected. In
such cases, the identification may retain level 2b confidence if
the retention time is consistent with the proposed structure (e.g.,
the retention time fits the trend for a wide range of compounds
with a similar m/z; see Retention Time).

Level 2c: Probable by Diagnostic Homologue Evi-
dence. If spectral data are insufficient to determine the probable
PFAS structure, an analyte may be identified with level 2c
confidence if at least two homologues are identified with level 2a
or greater certainty in the same sample. The retention time of
the analyte should be consistent with the trend defined by the
homologues (see Retention Time).
At level 2c, the MS/MS spectrum should also contain at least

two fragments that qualify as diagnostic evidence. As a
repercussion of this criterion, PFASs lacking analytical reference
standards or library spectra containing more than two MS/MS
fragments (such as perfluoroalkyl sulfonamides and ultrashort-
chain PFASs) may not be confirmed to level 2 confidence with a
solely mass spectrometry-based approach. In the absence of
analytical reference standards, complementary analytical
approaches should be utilized to improve the identification
confidence of these compounds, and upon confident identi-
fication, their MS/MS spectra should be prioritized for inclusion
in widely available libraries.

Level 3: Candidate Structures. Many PFASs may be
prioritized for identification through suspect screening.
However, matching a formula to a suspect list alone is
insufficient for level 3 confidence; MS/MS spectra or
homologues must provide some evidence for candidate PFASs
identified with level 3 confidence. Ideally, PFASs identified at
level 3 will be supported with coidentified homologues;
however, if no homologue confidently is detected, the
identification may reach level 3 confidence with sufficient MS/
MS evidence and a retention time consistent with the proposed
structure. At levels 3a-c, a sufficient number of MS/MS
fragments should align the structure with a subclass of PFASs
with similar nonfluorinated moieties (see High-Resolution MS/
MS Spectra).11 In some cases, it may be that this extent of
fragmentation cannot be achieved, particularly for compounds
that have isomers and that also do not fragment appreciably
under standard conditions.
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Circumstantial candidates at levels 3c and 3d arise from
compelling experimental or (bio)chemical evidence indicative
of a specific structure. Since levels 3c and 3d describe different
methods of determining a candidate structure from circum-
stantial evidence, the two confidence levels should generally be
considered comparable to each other. However, consecutive
letters have been chosen for the ease of presentation and
reporting.
Level 3a: Positional Isomer Candidates. For positional

isomers, the presence of a particular functional group is
confirmed by fragmentation, but the position of the functional
group is ambiguous. To avoid conflation with constitutional
isomers (which have the same molecular formula but distinct
functional groups), fragmentation should specifically indicate
the presence of the functional group in question. Analysts should
note the positional isomer candidates when identifying PFASs at
level 3a. For example, the following could be used: (1) “We
identified UPFOS with level 3a confidence; the location of the
unsaturated bond could not be identified within the scope of this
study.” (2) “We identified the feature at m/z = 457.083 with
level 3a confidence; carboxyethyl dimethyl ammoniopropyl
perfluorobutane sulfonamide (CEtAmPr-FBSA) and dimethyl
ammoniopropyl perfluorobutane sulfonamido propanoic acid
(AmPr-FBSA-PrA) are the two positional isomer candidates.”
Authors should annotate18 the analyte and fragments to the
greatest extent possible.
Positional isomerization may occur in the head or tail of PFAS

structures. If the identity of an analyte can be confirmed with an
analytical reference standard despite the existence of structures
with potentially indifferentiable tail fragments (e.g., Cl-PFOS),
it may be identified with level 1b confidence. However, tail
group isomers without an indistinguishable analytical reference
standard should be identified at level 3a if the position of any
functional groups (e.g., H or Cl substitution, unsaturated bond,
ether) cannot be confirmed (Figure S2).
PFASs with positional isomerization in their headgroups (e.g.,

CEtAmPr-FBSA and AmPr-FBSA-PrA; Figure 2) should be
identified at level 3a if the position of functional groups cannot
be confirmed.
Per convention, branched and linear PFAS isomers do not

constitute positional isomers (Figure S2). Distinguished by their
chromatographic signal, branched and linear isomers within a
sample should be identified together at the highest confidence
level determined for any single isomer, whichmay be higher than
level 3. For example, branched perfluoroheptanesulfonate
(PFHpS) found alongside linear PFHpS which matches a linear
PFHpS analytical standard may be identified with level 1b
confidence, even if every branched isomer cannot be confirmed

with a matched analytical standard. The observation of both
branched and linear isomers should always be reported: the co-
occurrence of linear and branched isomers usually indicates
synthesis by electrochemical fluorination,19 and the relative
abundance of branched and linear isomers can inform PFAS
forensics.20,21

Useful biochemical or physicochemical information may be
obtained for isomeric structures identified at level 3a.22

Regulatory action on the basis of environmental detections
with level 3a confidence may be justified, in part because these
isomers frequently occur as mixtures. Further, concerns that
regulation may be impractical for compounds that cannot
routinely be identified with at least level 2 confidence would be
mitigated by regulating PFASs as a class.23

Level 3b: Fragmentation-Based Candidates. PFASs
identified with level 3b confidence have candidate structures
informed by their MS/MS spectra. At level 3b, the MS/MS
fragments need not be diagnostic (see High-ResolutionMS/MS
Spectra) but rather aligned with a specific PFAS subclass.
Without diagnostic fragments or evidence of particular func-
tional groups, constitutional isomer candidates of PFASs on
suspect lists may often be identified at level 3b.

Level 3c: Circumstantial Candidates by Fragmenta-
tion Evidence. Circumstantial evidence that can facilitate
identification of candidates may derive from knowledge of the
experimental design and/or subclass of PFASs investigated (e.g.,
identifying transformation products based on a known parent
compound or vice versa). Candidate spectra at level 3c should
have subclass-aligned fragmentation. Additional evidence that
may be used in the identification includes the following:

• In silico predictions of subclass-aligned MS/MS frag-
ments for the proposed structure.24

• Fractionation of species by positive or negative charge
through anion or cation exchange solid-phase extrac-
tion.25

• Detection of possible zwitterionic PFASs in both positive
and negative ionization modes.

• Chromatography indicative of electrochemical fluorina-
tion. In such cases, often a branched isomer peak (or
peaks) is followed by a linear isomer peak.

• The abundance of homologues that are separated by
−(CF2CF2)− (i.e., 99.9936 Da). Elevated concentrations
of only even- or odd-length homologues are indicative of
fluorotelomerization. Homologue lengths are typically
more uniformly distributed in electrochemical fluorina-
tion-based mixtures.26,27

• A positive mass defect, whichmay indicate the presence of
nonfluorinated functional groups in the structure.

Figure 2. (a) CEtAmPr-FBSA (CID 139595456) and (b) AmPr-FBSA-PrA (CID 162420439) are (headgroup) positional isomers which differ by the
position of the highlighted propanoic acid group.
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Level 3d: Circumstantial Candidates by Homologue
Evidence. For candidate structures with little fragmentation-
based evidence, distinct patterns of homologues can constitute
sufficient circumstantial evidence to enable identification with
level 3d confidence. The presence of homologues, identified
with level 2 confidence or greater, and the candidate’s retention
time consistent with the homologous series (see Retention
Time) provide strong circumstantial evidence for a candidate
that otherwise lacks sufficient MS/MS data. For example, if
perfluorohexane sulfonamide (FHxSA) and perfluorooctane
sulfonamide (FOSA) have been identified with level 2
confidence and a feature m/z matches the formula for
perfluoroheptane sulfonamide (FHpSA) with a retention time
between that of FHxSA and FOSA, the feature may be identified
at level 3d.
Level 4: Unequivocal Molecular Formula. At level 4

confidence, the mass and isotopic pattern of the analyte must
allow the unequivocal determination of a molecular formula, but
unlike a level 3 identification, MS/MS data and homologues are
structurally inconclusive or nonexistent. It can be difficult to
determine unequivocal molecular formulas for fluorine-contain-
ing compounds, especially as the m/z increases, due to the light
mass and the monoisotopic nature of fluorine. Features at level 4
may have the same formula as a compound (or compounds) on
a PFAS suspect list but require additional evidence for
identification with level 3 confidence. Nonetheless, researchers
are encouraged to note if the analyte mass matches a PFAS on a
suspect list, particularly if other evidence (e.g., experimental
conditions and analytical techniques) supports the possible
presence of the mass-matched structure.
Level 5: Exact Masses of Interest. Feature prioritization is

an initial step to identify potential novel and nontarget PFASs.
Therefore, level 5 identifications with only an exact mass are
often the practical starting point for identification with greater
confidence. Features prioritized by suspect screening1,6 and data
filtering for exact masses of interest are identified at different
sublevels.
Because an exact mass is not indicative of a specific PFAS,

level 5 identifications are often less useful for reporting and are
indicated below the red line in Table 1. Level 5 analytes should
generally only be reported in exceptional cases (e.g., remarkably
high abundance, association with toxicity, increasing abundance
over time). As a result, highly interesting level 5 identifications
may inform community prioritization efforts, making it possible
to find collaborators who have complementary data available
that may increase the confidence level.
Possible methods for improving confidence in level 5

identifications include varying the fragmentation mode and/or
collision energy, increasing the mass-on-column value, modify-
ing source parameters, and using orthogonal chromatography to
enhance separation and to reduce artifacts/interference.
Level 5a: PFAS Suspect Screening Exact Mass Match.

Suspect matches are features with the same exact mass as
features on a suspect list (within a certain error tolerance) but
which lack any conclusive structural or formulaic information
(see Accurate Mass). Suspect screening can be conducted either
with software that compares masses to a suspect list6,28 or with
methods developed in-house.
Level 5b: Nontarget PFAS Exact Mass of Interest. Data

filtering involves the use of software6 to prioritize detected exact
masses that have an elevated likelihood of being novel PFASs.
Common prioritizations through filtering data include the
following:

• Features with a mass defect between−0.11 and 0.12.5 For
PFAS studies, it is convenient to filter features by their
CF2-normalized mass defect, frequently 0.85−1 in
negative ionization mode29,30 or 0−0.15 in positive
ionization mode.17

• Features with at least three homologues detected. Data
filtering for homologous series is commonly facilitated by
Kendrick mass defect plots.5,30,31

• Features with at least two fragments consistent with
fluorinated substructures.5

• PFASs of different subclasses with identical Kendrick
mass defects can be distinguished using the Z* value,
which can be calculated using the nominal mass.7

■ CONFIDENCE CRITERIA
Accurate Mass. The high resolving power and mass

accuracy of HRMS provide selective and sensitive PFAS
detection in various matrices. We recommend reporting the
mass error (i.e., the difference betweenmeasured and theoretical
exact mass) because accuracy influences several identification
confidence criteria. Accurate masses are required to determine
the mass defect, which can be used to prioritize potential PFASs
and identify homologous series. The measured mass of features
prioritized by suspect screening must be accurate with the
proposed exact mass and within a certain tolerable error of
PFASs on a suspect list.32

Researchers should endeavor to use analytical reference
standards as benchmarks for mass accuracy because mass errors
are often consistent within a subclass (e.g., the mass error for
most negatively ionizable PFASs is typically close to that of
PFOS for a given instrument). A 5−10 ppm mass accuracy
threshold is common; however, accuracy standards may change
as HRMS technology improves. When reporting mass error for a
given annotation among several samples, we recommend
including variability by reporting either a range of values or an
average with a measure of spread.

Isotopic Pattern Match.Matching an isotopic pattern is an
important tool for confident molecular formula identification by
HRMS. However, for features at low abundance, particularly
features rich in elements lacking abundant minority isotopes
(e.g., fluorine), a reliable isotopic pattern may not be
distinguishable. In such cases, the (mono)isotopic pattern
should be considered a match if it is consistent with the
proposed structure at the measured abundance.

Retention Time. Ideally, researchers should compare an
analyte’s retention time to those of any homologues of the
proposed structure: in reversed-phase liquid chromatography,
retention times should increase at predictable intervals
consistent with the increasing uninterrupted perfluorinated
chain length. The analyte retention time should also be
compared to those of analytical reference standards. This
comparison can facilitate the exclusion of some false positives
(e.g., from in-source fragmentation) by providing an approx-
imate retention time for parent compounds of a particular mass
and indicate retention time shifts due to matrices and methods.
However, homologues may not always be detected, and the

retention times of analytical reference standards are not reliable
benchmarks for PFASs with complex and multiply charged
headgroups. For example, fluoroalkyl sulfonamides commonly
elute considerably later than perfluoroalkyl sulfonic acids with
correspondingor even longerperfluoroalkyl chain lengths
(e.g., RTFHxSA > RTPFHpS), despite their fairly similar
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structures.33 The retention times of PFASs with even more
complex head groups (e.g., betaines, sulfonamido carboxylic
acids) are very difficult to predict from the retention times of
analytical reference standards.17 Fluorinated chain lengths are
convenient proxies for expected retention time, but other
properties, such as the degree of branching and the charge and
hydrophobicity of headgroups, influence retention time as
well.34,35

High-ResolutionMS/MS Spectra. To qualify as diagnostic
for level 2 identification, MS/MS fragments must be attributable
to specific chemical substructures. Examples include annotated
fragments18,36 found in the literature and empirically derived
library spectra for species within the proposed subclass.
Evidence of in-source fragmentation or adduct formation (e.g.,
a retention time inconsistent with the precursor mass, as is
common for some perfluoroalkyl ether substances) should be
evaluated before considering a fragment as diagnostic structural
evidence.37 Diagnostic fragments should not be determined
solely via in silico prediction; however, novel HRMS systems
could generate fragments not yet cataloged in library spectra, in
which case the diagnostic fragment could be justified and
validated with fragmentation chemistry knowledge, including in
silico tools24 combined with manual verification.
Finally, the entire MS/MS spectrum should be evaluated to

provide context for determining that diagnostic fragments
provide unequivocal evidence of a specific structure. For
example, the FO3S

− (m/z = 98.96) and C8F15
− (m/z =

380.98) fragments are not solely sufficient to distinguish UPFOS
from PFEtCHxS (both with precursor m/z = 460.93; Figure 1).
Therefore, other complementary data in the MS/MS spectra
(e.g., the presence or absence of fragments atm/z = 79.96, 230.99,

and/or 280.98) are necessary for these fragments to be
considered diagnostic (Figure 3).38

Detailed reporting of diagnostic fragments by PFAS
researchers and the sharing of this information in a FAIR
(findable, accessible, interoperable, and reusable) and open
manner would greatly facilitate the exchange of PFAS fragment
information.39

Fragments that do not meet the standards of diagnostic
evidence may still be valuable to identification efforts if they are
subclass aligned. To qualify as subclass aligned, the observed
fragments must be associated with chemical substructures from
the proposed PFAS subclass. Such fragments may be
attributable to any of several related parent structures with
common functional groups. For example, a fragment at m/z =
58.0651 (corresponding to C3H8N

+) may be attributable to
many headgroups (including those with ammonio propyl,
dimethyl ammonio, and betaine moieties)17 and is therefore
aligned with subclasses containing these headgroups, but not
diagnostic. To qualify as evidence supporting a level 3c
identification, the observed fragments may also be subclass
aligned based on in silico fragmentation predictions for the
proposed structure.

■ COMMUNICATING CONFIDENCE

There are relatively many new HRMS users in the field of PFAS
research. These researchers must contend with a limited number
of analytical PFAS reference standards. It is therefore essential to
the large and growing body of environmental PFAS science that
the certainty of PFAS identifications made through HRMS is
communicated clearly and uniformly. The identification scale
which we present is consistent with the norms for communicat-

Figure 3.Mass spectra for (a, c) UPFOS and (b, d) PFEtCHxS collected via QTOF-MS with collision-induced dissociation at 10 and 40 eV. UPFOS
spectrum collected from liver tissue of mouse dosed with aqueous film-forming foam (AFFF). PFEtCHxS spectrum collected from vehicle mouse liver
tissue spiked with PFEtCHxS.
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ing confidence in the identification of small organicmolecules by
HRMS but also incorporates PFAS-specific conventions and
tools. Our scale is therefore intended to contextualize and
augment existing identification confidence scales5,8 rather than
supersede them. The approaches discussed in this Global
Perspective are not unique to PFAS studies, so researchers in
other fields employing HRMS for organic molecule identi-
fication could adopt some of the conventions which we propose
for more clearly communicating confidence (e.g., the strength of
homologue evidence may also be useful in the identification of
chlorinated paraffins or nonfluorinated surfactants). The criteria
in our scale are adaptable to advances in HRMS technology and
should remain relevant as HRMS becomes more commonplace
and sophisticated. Our scale can clarify the level of certainty in
PFAS identification and, in doing so, facilitate more confident
identifications as researchers are better able to build on previous
work.

■ KEY MESSAGES

(1) Nontargeted HRMS analysis is an important component
of PFAS research because of the small number of
analytical PFAS standards and the rapid rate of novel
PFAS discovery.

(2) More reliable and harmonized identification and report-
ing is needed for PFASs identified via HRMS.

(3) Guidance specific to PFASs is necessary due to their
characteristics which can both facilitate and complicate
nontarget identification. For example, PFASs are
frequently found in homologous series. Likewise,
branched and linear PFAS isomers are conventionally
grouped together for regulatory and research purposes.

(4) We propose identification criteria and sublevels for PFAS
identification which clarify and contextualize previous
guidance on communicating confidence in small molecule
identification via HRMS.
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