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1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are a broad class of
synthetic chemicals used in industrial and consumer applications. Due
to their unique ability to modify surfaces and their high chemical and
thermal stability, PFASs are important components of aqueous film-
forming foams (AFFFs) used in firefighting, and are major ingredients in
textiles, food contact materials, and fluoropolymers (Buck et al., 2011).
Because of their widespread use, combined with the extreme stability of
the carbon-fluorine bond, complex mixtures of PFASs have become
ubiquitous environmental contaminants (Kato et al., 2015; Armitage
et al., 2009; Seo et al., 2019). Previously, most studies have con-
centrated on perfluorooctane sulfonic acid (PFOS) and per-
fluorooctanoic acid (PFOA) because of their frequent occurrence and
high bioaccumulation in vertebrates (Tartu et al., 2014; Martin et al.,
2004). In addition, they have been shown to have harmful biological
activities such as immunotoxicity (DeWitt et al., 2009), endocrine dis-
ruption (Liu et al., 2007), and disturbances in lipid metabolism (Wang
et al., 2014). Hence, PFOS and PFOA were phased out and replaced by
their short-chain homologues or other not fully fluorinated alternatives
that have been called “emerging” PFASs (Wang et al., 2013). Recent
studies have shown occurrence of these emerging PFASs in drinking
(Guardian et al., 2020) and groundwater samples (Sun et al., 2016;
Kabore et al., 2018). Other polyfluorinated chemicals have also been
detected in trout from Lake Michigan (Fakouri Baygi et al., 2016), in
AFFFs and AFFF-impacted groundwater (Barzen-Hanson et al., 2017),
and in industrially-impacted watershed in North Carolina (McCord and
Strynar, 2019). With these discoveries, and worldwide research effort,
there are now over 6300 identified fluorinated compounds with Che-
mical Abstracts Service (CAS) numbers listed in the EPA PFAS Mas-
terlist (USEPA, 2020). With the increasing number of novel PFASs
(linear and branched isomers) being discovered (Liu et al., 2019) and
the varying degrees of transformations that they undergo in the en-
vironment (Li et al., 2019), the identification of unknown PFASs has
become a daunting task. Many of the studies that investigate the oc-
currence of PFASs in the environment perform target analysis using
liquid chromatography (LC) with tandem mass spectrometry (MS?),
where specific PFASs are selected in advance. However, target analysis
will only detect a relatively small portion of these vast number of or-
ganic contaminants. For instance, EPA methods 533 (Wendelken and
Rosenblum, 2019) and 537.1 (Shoemaker and Tettenhorst, 2018) which
have been used for drinking water, only analyze for a total of 29 PFASs.
Therefore, due to the preselection of target PFASs, many other emer-
ging PFASs that may have significant ecotoxicological effects remain
undetected. In this regard, identification of emerging PFASs in the en-
vironment is necessary and requires new analytical approaches to fa-
cilitate identification when reference standards are not available.

The octanol-water partition coefficient (K,,,) of a molecule is a va-
luable parameter that has been used as a measure of hydrophobicity.
Log K,y values have been used not only in predicting bioaccumulation
and environmental mobilities of pollutants (Cohen et al., 1990;
Bertelsen et al., 1998), but also in developing analytical methods, such
as in selecting appropriate solvents for extraction and stationary phases
for chromatographic separations (Szepesi and Valké, 1991). In re-
versed-phase LC, linear relationships can be observed between log K,
and retention time or retention factor (k). Therefore, log K, values
have been used to aid in optimizing separations by predicting analyte
retention times, which can be accomplished within 5% error (Hanai
et al., 1981). In a previous study, the linear relationship between log
Kow and retention time was used to augment high resolution mass
spectrometry (HRMS) data in the identification of emerging con-
taminants in water by suspect screening. Using this approach, the
number of false positive detections was reduced by limiting the reten-
tion time window to = 2 min of their expected retention time (Bade
et al., 2015). The use of log K,,, in predicting retention times, combined
with HRMS fragmentation patterns, can be a powerful approach in the
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identification of emerging PFASs, but have not been demonstrated to
date.

Experimentally determined K., for many PFASs are not available
because of the challenges associated with measuring Ko, for these
surfactant-like compounds and the lack of available reference standards
for many emerging PFASs. Hence, traditional experimental methods to
determine K,, values, such as shake flask or slow-stir methods, are
unsuitable for PFASs. The only experimentally determined K,,, values
reported for PFASs have been obtained by a voltammetric method (Jing
et al., 2009) and by LC method (Xiang et al., 2018; Hammer et al.,
2017). Complementary to experimental determination, studies using
computational methods have been conducted to estimate physico-
chemical properties for PFASs. For instance, models have been pre-
sented in the literature, such as EPI Suite™, ClogP™, SPARC™ and
COSMOtherm™, to predict the octanol-water partitioning behavior of
PFASs (Arp et al., 2006; Wang et al., 2011; Hidalgo and Mora-Diez,
2016). Physicochemical properties estimated using COSMOtherm™ in a
recent study showed good agreement with the experimental data for a
limited number of fluorotelomer alcohols (Wang et al., 2011; Arp et al.,
2006). COnductor-like Screening MOdel for Realistic Solvents (COSMO-
RS) method has been used to predict retention behavior based on
partition coefficients in micellar LC (Mehling et al., 2013) and in pre-
dicting lipophilicity of solutes using calculated micelle/water partition
coefficients (van der Spoel et al., 2019). Moreover, COSMO-RS accu-
rately predicted gas chromatographic retention times of poly-
brominated diphenyl ethers based on calculated boiling points, which
in turn facilitated identification of unknown metabolites without re-
ference standards (Simpson et al., 2015).

PFASs are classified based on the head group (e.g. carboxylates,
sulfonates), the arrangement of the alkyl chain (branched or linear),
and the degree of fluorination in the carbon backbone (partial or full
fluorinated). These molecular features define the interaction of PFASs
with the stationary phase of a chromatographic column; thus, for PFASs
in the same class, the order of elution is mainly dictated by the number
of carbon atoms in the alkyl chain. Quantum chemistry based COSMO-
RS log K, calculations are dependent on the solute molecule’s 3-D
polarization charge density that are used to model interactions with the
solvent, affecting the calculated partitioning behavior of the solute
molecule. Thus, log K, is a sensitive parameter that can be used to
predict retention of fluorinated alkyl substances in a reversed-phase
chromatographic column.

The similarity in the structures of PFASs results in characteristic
MS? fragmentation patterns that are shared by each class of PFASs
(Barzen-Hanson et al., 2017; McCord and Strynar, 2019). The MS?
fragmentation led to the development of unique approaches to identify
PFASs using HRMS. For instance, monitoring of — CF, homologues and
neutral fragment loss (Place and Field, 2012), and the use of Kendrick
mass defect plots (Barzen-Hanson et al., 2017) have been extremely
valuable in the identification of PFASs. However, these approaches
cannot accurately resolve PFAS isomers (Fakouri Baygi et al., 2016;
Barzen-Hanson et al., 2017; McCord and Strynar, 2019). Previous stu-
dies have shown differences in the toxicity and bioaccumulation po-
tential between the linear and branched isomers of PFOS and PFOA
(Loveless et al., 2006; O’Brien et al., 2011; Greaves and Letcher, 2013)
thus, for a more comprehensive risk assessment, it is important to de-
termine which isomeric form is present in the environment. In this re-
gard, the objectives of this study are to: (1) optimize chromatographic
separation and MS? collision energies for LC-HRMS analysis to obtain
characteristic fragmentation patterns for each type of PFASs, (2) cal-
culate log K, values of known PFASs using COSMO-RS and mean
isotropic polarizability using TURBOMOLE, (3) derive a mathematical
relationship between log K., mean isotropic polarizability, and k, and
(4) demonstrate the complementary use of k and MS? fragmentation in
resolving isomeric structures of emerging PFASs that have been puta-
tively identified from HRMS suspect screening when reference stan-
dards are not available.
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2. Materials and methods
2.1. LC — HRMS analysis

Reference standard of perfluorobutanoic acid (PFBA), per-
fluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA), per-
fluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA), per-
fluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA), perfluoro-
undecanoic acid (PFUdA), perfluorododecanoic acid (PFDoA), per-
fluorotridecanoic acid (PFTrDA), perfluorotetradecanoic acid (PFTeDA),
perfluorohexadecanoic acid (PFHxDA), perfluorooctadecanoic acid
(PFODA); perflouropropanesulfonic acid (PFPrS), perfluorobutanesul-
fonic acid (PFBS), perfluoropentanesulfonic acid (PFPeS), per-
fluorohexanesulfonic acid (PFHxs), perfluoroheptanesulfonic acid
(PFHpS), perfluorooctanesulfonic acid (PFOS), perfluorononanesulfonic
acid (PENS), perfluorodecanesulfonic acid (PFDS), perfluoroutanesul-
fonamide (FBSA), perfluorooctanesulfonamide (FOSA), 2-(N-methylper-
fluorooctanesulfonamido) acetic acid (N-MeFOSAA), 2-(N-ethylper-
fluorooctanesulfonamido) acetic acid (N-EtFOSAA), 4:2 fluorotelomer
sulfonic acid (4:2 FTS), 6:2 fluorotelomer sulfonic acid (6:2 FTS), and 8:2
fluorotelomer sulfonic acid (8:2 FTS), N-methylperfluoro-1-octanesulfo-
namide (N-MeFOSA), Hexafluoropropylene oxide dimer acid (HFPO-DA),
11-chloroeicosafluoro-3-oxaundecane-1-sulfonate (11CI-PF30UdS), 9-
chlorohexadecafluoro-3-oxanonane-1-sulfonate (9CI-PF3ONS), Dodeca-
fluoro-3H-4,8-dioxanonoate (ADONA) were obtained from Wellington
Laboratories (Guelph, ON, Canada). Ammonium acetate was purchased
from J.T. Baker (Phillipsburg, NJ) and LC-MS grade acetonitrile were
purchased from MilliporeSigma (Jaffrey, NH).

Chromatographic separation of PFASs was optimized using a Waters
X-Bridge™ C18 column (3.5 um particle size, 2.1 mm internal diameter,
150 mm length) and a gradient mobile phase consisting of water with
ammonium acetate (mobile phase A) and acetonitrile (mobile phase B)
at a flow rate of 200 pL min~'. LC—HRMS analysis was performed
using Thermo Scientific Q—Exactive Orbitrap Focus™ with Thermo
Scientific UltiMate 3000 UHPLC™, operated under the negative ion
mode during electrospray ionization (—ESI). A full-scan with data-de-
pendent mass fragmentation (full MS —ddMS?) was used with a scan
range set to 80 — 1200 m/z. The resolution for full scan was 70,000 and
17,500 for ddMS?. MS? fragmentation of PFASs were obtained using
three collision energies: 10, 20 and 30 eV.

To demonstrate the applicability of the proposed analytical strategy
in real environmental samples, previously characterized water samples
that have been shown to contain emerging PFASs were used in this
study: an effluent sample from Chemours plant in North Carolina
(McCord and Strynar, 2019) and surface water samples from the Phi-
lippines and Thailand (Guardian et al., 2020). Details of sample col-
lection, preparation and suspect screening method have been described
in the previous publications (McCord and Strynar, 2019; Guardian
et al., 2020).

2.2. Log K, calculations using COSMO-RS

Log K, values were calculated using either (a) pure octanol (dry) or
(b) octanol that has been saturated with water (wet) in order to de-
termine if the small amount of water that dissolves in octanol will have
a significant impact on the calculated K,,, values (Chen and Siepmann,
2006). For “wet” COSMO-RS calculation of the log Kow-wet, @ 0.274 mol
fraction of water was incorporated into the octanol-phase (Dallos and
Liszi, 1995). The following steps were used to calculate log K,,, for the
electronically neutral and anionic species of each compound:

e Determine the lowest energy conformers using Vconf (Chang and
Gilson, 2003). The number of selected conformers was determined
based on a reasonable energy cut-off (1-5 kcal/mol) as implemented
in Vconf. For most compounds this number did not exceed 100
conformers.
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e Optimize the conformer geometries using TURBOMOLE (2020)
using the BP86 functional (Perdew, 1986; Becke, 1988) and a def2-
TZVPD basis (Rappoport and Furche, 2010; Weigend and Ahlrichs,
2005) for each element. Due to computational expense, only vi-
brational frequencies for the lowest in energy conformers were
calculated to ensure geometries were local minimums.

e Calculate an overall average log K., for each compound utilizing a
weighted Boltzmann distribution (SI part III), as suggested in re-
ferences (Wang et al., 2011; Klamt, 1995; Buggert et al., 2009).

2.3. Mean isotropic polarizability calculations using TURBOMOLE

Using the lowest energy conformer determined in the steps de-
scribed in the previous section, the mean polarizability was calculated.
Geometries were optimized using TURBOMOLE (2020) with the BP86
functional (Perdew, 1986; Becke, 1988) and a def2-TZVPD basis
(Rappoport and Furche, 2010; Weigend and Ahlrichs, 2005) for each
element. As previously described, vibrational frequencies were calcu-
lated for these optimized geometries. The mean (isotropic) molecular
polarizability was calculated with the same computational metho-
dology used in the geometry optimizations. The isotropic polarizability
is defined as ¥4 of the trace of the polarizability matrix.

3. Results and discussion
3.1. Optimization of chromatographic separation of PFASs

An important consideration in using COSMO-RS and experimentally
measured k (keyp) values for known compounds to establish an accurate
regression equation for predicting k (Kca) of unknown PFASs is to
ensure that the PFASs in the training set have sharp and baseline-re-
solved peaks. Efficient separation of PFASs cannot be achieved by iso-
cratic elution because of the co-elution of several PFASs and broadening
of late eluting peaks. Sharp and baseline-resolved peaks were achieved
when using the optimized gradient elution program for LC. Two pH
values were explored, pH 3.8 and 10.0, in optimizing separation. These
pH values (acidic and basic) were based on the pKa of ammonium
acetate, the additive used in the mobile phase. It was found that upon
changing the gradient program to start at 95 % aqueous phase (mobile
phase A: water with 5 mM ammonium acetate), the effect of pH on the
kexp values for PFASs becomes negligible (Table S1). Starting the gra-
dient at high aqueous content also allowed the ultra-short chain PFASs
(C; - Cy4) to elute after the LC void volume. Upon assessment of the
separation obtained using the four LC conditions tested (Table S1), the
following gradient program was selected: starting with 5 % acetonitrile
(mobile phase B) held for 1 min, followed by a 29-min linear gradient to
95 % mobile phase B, which was then held also for 5 min, and then
returning to the initial condition (5 % mobile phase B) within 1 min.
The column was equilibrated at initial LC condition for 8 min prior to
the next injection.

3.2. Determination of MS fragmentation pattern

Mass spectral fragmentation of each PFAS at 10, 20 and 30 eV were
obtained (SI Part II). Varying collision energies produced unique frag-
mentation patterns for each class of PFASs (Table 1). Knowledge of
these common fragments and specific fragmentation pattern is highly
valuable in determining the structure of emerging PFASs. Moreover,
MS? characteristic fragments could also be applied to determine the
number of PFASs present in the sample. For example, one can extract
m/z = 118.9925 (corresponding to CF3CF, , a common fragment
shared by all PFCAs) and m/z = 79.9573 (corresponding to SOz~ the
common fragment ion shared by all PFSAs) to determine how many
PFCAs or PFSAs are present in the sample (Figure cc, SI part II). The
number of peaks in the chromatogram corresponds to the number of
PFASs in the sample sharing these common ions. Further investigation
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Table 1
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Summary of common fragments (m/z) shared by PFASs in the same class and observed trends in their fragmentation patterns.

PFASs class common fragment Formula of Fragmentation pattern trend
mass (m/z) fragment
PFCA 118.9925 CoFs5™ ® most abundant fragment at 10 eV corresponds to [M-CO»-H] ~ after neutral loss of CO»
® there is an increasing ratio of [M-H] ~ /[M-CO,-H] ~ at 10 eV with the increase in chain
length
® fragmentation pattern is characterized by [M-H] ~, [M-CO,-H] ~, followed by
[M-3CF»-CO»-H] ~ and subsequent loss of CF, until the terminal chain of C,Fs™
PFSA 98.9557 FSO;~ ® most abundant ion at 10, 20 and 30 eV corresponds to [M-H] ~
79.9573 SO;~ ® only these two common ions will be observed upon MS? fragmentation with increasing
relative abundance to [M-H] ™ as the chain length decreases
perfluoroalkyl 77.9655 NSO, ™ ® most abundant ion at 10 and 20 eV corresponds to [M-H]
sulfonamides ® relative abundance of NO,S™/[M-H] ™ at 20 and 30 eV increases with increasing chain
length
Perfluorooctane-sulfonamidoacetic 82.9608 FSO,~ ® presence of fragment corresponding to neutral loss of acetic acid
acids ® further fragmentation corresponding to loss of the sulfonamide group and subsequent
CF, loss
fluorotelomer sulfonic acids 80.9655 HSO5;~ ® presence of fragment corresponding to neutral loss of HF
ether — PFSA 98.9557 FSO3~ ® the number of ether functional groups can be determined based on fragments
82.9608 FSO,~ ® the number of ether functional groups can be determined based on fragments
ether -PFCA - - ® fragmentation will occur at the C—O—C bond of the ether functional group

® the number of ether functional groups can be determined based on fragments

of the fragmentation patterns can reveal the structure of the unknown
PFAS, as described in Table 1 and SI part II. While the common frag-
ments for legacy PFASs have been reported in previous studies (McCord
and Strynar, 2019; Barzen-Hanson et al., 2017), this present work re-
ports the differences in the fragmentation patterns of these legacy
PFASs at varying voltages. Moreover, fragmentation patterns for
fluorinated alkyl ether acids, fluorotelomer sulfonic acids and other
PFASs class are also reported in this study (Table 1) to aid in future
identification of emerging PFASs that are being introduced in the en-
vironment.

3.3. Calculation of log K,,, values

The log K, values of the neutral and anionic forms of PFASs were
calculated using COSMO-RS. While the main purpose of the log Kow
calculation is for the prediction of k values, log K, values can also
advance our understanding of the sorption behavior and mobility of
PFASs in the environment. Many of the PFAS species have pKa value
of <1 (Goss, 2008) which implies that the neutral form of these com-
pounds has negligible contribution to the speciation of PFASs in water,
and that the anionic form dominates under most environmentally re-
levant conditions (Higgins and Luthy, 2006). The results of the log K,y
values calculated (wet and dry) for all PFASs considered in this study
are listed in Table S2. As expected, the calculated log K, value in-
creases as the number of fluorinated carbon increases (Wang et al.,
2011). A negative value for log K, of the compound indicates pre-
ferred partitioning into the aqueous phase, while a positive value in-
dicates higher partitioning to the octanol phase. However, for ionizable
compounds like PFASs, interpretation of the log K,,, must consider si-
milar species (charged or neutral) in both solvents (Sangster, 1997). It
is notable in Table S2 that the log K, values for the neutral species are
significantly different from the log Ko, calculated for the corresponding
anionic species of PFASs. These results suggest that the pH of the mobile
phase used in LC analysis is an important factor when predicting k
values of PFASs.

The number of conformers that were included into the Boltzmann
distribution were determined based upon log K,,, calculations for 4:2
fluorotelomer alcohol (4:2 FTOH) as this is one of the few PFAS mo-
lecules that has an experimentally determined log K,,, (Wang et al.,
2011). Our calculated values were determined to be 2.820 and 2.787
for log Kow-wet and 1og Kow.ary, respectively, whereas the experimental
log Koy for 4:2 FTOH was determined to be 3.30 + 0.04 (Wang et al.,
2011; Carmosini and Lee, 2008). It can be seen that the log K, values
essentially converge beyond 15 conformers (SI part III). However, it

was determined that for larger molecules, convergence requires more
conformers to be included into the Boltzmann average (Mokrushina
et al., 2012). As demonstrated with our calculations for 4:2 FTOH, we
can assume that our certainty is within * 1 logarithmic unit. While the
error for 4:2 FTOH is less than 1 log unit, others (Wang et al., 2011;
Carmosini and Lee, 2008) have determined this = 1 log unit window to
generally be the error in COSMOtherm predictions looking at a large
number of PFASs. However, the huge number of inconsistent K,
measurements for PFASs and other compounds makes this uncertainty
estimate large. The influences on the predictions most likely have an
impact as the majority of the predicted retention factors are lower than
what is observed in experiment. The trends of PFASs that have their K,
measured contained in our training set follow the same trend as our
predicted values. Several papers have shown that parameters calculated
via COSMO-RS can be different than the experimental value, but the
trends appear to be consistent with experimental observation. Our work
is consistent with previously published study with this estimation of
error for log Ko values for several FTOHs (Wang et al., 2011). It is
possible that the calculated log K,,, values are lower than the experi-
mental K,,, values based upon our previously mentioned calculations
for 4:2 FTOH, and values others have calculated for various PFASs
(Wang et al., 2011) and for polyaromatic hydrocarbons (Schroder et al.,
2010). Studies determining the log K, of these compounds have been
shown to be influenced by pH. For example, Xiang et al., determined
log K, values of neutral species of PFCAs and found huge deviations in
results compared to literature (i.e. PFOA result = 4.67 while literature
values are 1.76-7.75) (Xiang et al., 2018). The well-known tendency of
COSMO-RS to perform better for systems with delocalized charges may
also contribute to deviations in calculated log K,,, values for the anionic
species (Klamt et al., 2010). This is due to the neglect of long-range ion-
ion interactions. It is also worth noting that there have been a large
number of reports of disagreements of experimentally determined log
Kow values for even the most well-studied compounds (Renner, 2002).
Depending on what methodology is used to obtain log K., researchers
can get drastically different values (Hermens et al., 2013). Therefore,
for consistency, log K, values for each PFAS is calculated using the
same method.

3.4. Determination of PFASs structure

HRMS has established its usefulness in identifying environmental
contaminants via accurate prediction of the molecular formula and
structural elucidation based on fragmentation and accurate mass mea-
surements (Schymanski et al., 2015; Knolhoff and Croley, 2016;
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Table 2
List of possible structures for unknown PFASs detected in water samples and their corresponding calculated log K, polarizability, and retention factor values.
Unknown Structure of possible isomer log Kow log Kow-wet.  Polarizabilit- Calculated Experimental % Error % Error
wet-neutral anion y, a.u. Retention Retention factor (peak a) (peak b)
factor (Kearc) (Kexp)
Unknown 1. CsHsOF, OH 2.5230 —4.1322 78.0094 4.999 5.1345 —-2.63 NA
Observed mass (m/z): 1 < S
213.0156 mass error F;C/ \(F:/ “SCHy
2
(ppm): 0.46 i 2.5100 —46862  77.4958 5.271 2.67 NA
2
:,c\c/cu\c/cu3
F2 F2
TF= 2.3695 —4.6057 77.3323 5.107 —-0.54 NA
3 CH &
o~ \(F:/ \c“3
2
T 2.2321 —5.7025 78.1597 5.633 9.70 NA
F
4 CF c OH
H;C/ \g/ \(F:/
2 2
Unknown 2. CsHO4SF;; F2 F2 4.7836 —3.1602 114.9719 7.845 7.5297 4.19 NA

c o c
Observed mass (m/z): 1 F,C/ \c/ \c/ ~
364.9353 mass error F2

( ) 161 ‘F;z Zz :":2 4.7926 —3.249 122.6671 8.225 9.23 NA
ppm): 1. 2167 N N s
A
22 zl (F:, 4.8339 —3.2626 115.0415 7.945 5.52 NA
3 F;C/ \g/ \0/ \SO3H
2
5 (F:z (F:z 4.8841 —-3.2779 114.9738 7.991 6.13 NA
e N N o
2 2
Unknown 3. CgH504SF; 5 "" 4.4069 —3.0314 126.5586 7.957 7.6438 (3a) 4.10 —4.43
Observed mass (m/z): 1 gc. ¢ o. P 8.3256 (3b)
396.9412 mass error \gz‘/ e \gz/ SsoH
(ppm): 0.65 T 4.8582 —3.2330 128.8589 8.529 11.58 2.44
2 & & CcF SOsH
I
3 2
e £ T . £ 4.8280 —3.4421  127.9886 8.583 12.28 3.09
3!
3 \g/ e \E/ “NsogH
2 2
T 4.5693 —3.2206 128.3394 8.267 8.15 -0.71
F
4 PN e e o
F F [
H 4.9869 —2.6315 127.4975 8.246 7.87 ~0.96
5 (|:F <F:2 tF:2 SO3H
3!
ro” N N0 N
2 2
" BB B 47318 -3.2057  126.9077 8.330 8.97 0.05
NI NI S N
F, F F,
H 4.4986 —3.0158 128.4147 8.100 5.97 —-2.70
7 Fic & & t‘:F
N \‘\c// \0// \c// \soaH
F2 F2
H 4.5041 —1.5514 128.4283 7.302 —4.48 —-12.30
8 ke o & lr
il 8 k8 P
o N ¢ so.m
F2 F2 F2
H 4.8117 —3.6438 128.8560 8.717 14.04 4.70
9 CF & & SO3H
re” o N g g
2 2
(F:z Zz (F:z - 4.7296 —-3.7130 128.5868 8.677 13.52 4.22
3
10 e N0 N N
2 2
SOzH 4.3958 —3.3794 128.0727 8.203 7.31 —1.48
noo s ko=
e No” \g/ e,
2
CF3 SOzH 4.8898 —2.7714 128.2207 8.274 8.25 —0.62
12 CF cl;F cF:2
H/ \o/ \g/ \CF3
2
SO3zH 4.7728 —2.7871 127.4598 8.156 6.71 —-2.03
CF;  F.C
13 |
CFE CFE, CF3
H/ \o/ \(F:/
2

(continued on next page)
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Table 2 (continued)

Unknown Structure of possible isomer log Kow log Kow-wet.  Polarizabilit- Calculated Experimental % Error % Error
wet-neutral anion y, a.u. Retention Retention factor (peak a) (peak b)
factor (Kearc) (Kexp)
SO3H 4.4884 —3.4546 127.7307 8.304 8.64 -0.26
Vs
F.C
14 Fa |
c CE CFs
FLHC e \O - \g s
2
CF3 CF3 4.5829 —3.8908 128.3117 8.644 13.09 3.83
15 ke
CF, CE, C
H/ \0/ \g/ \803H
2
CF3 4.6468 —3.8182 128.6672 8.671 13.44 4.15
16 & c|:F &
FZHC/ N0 N \503H
2
. Ep {F:; oH 4.4592 —3.4222 129.1044 8.321 8.85 —-0.06
NN NE S
A
SO:H
OH 4.9647 —2.9285 128.8142 8.446 10.49 1.45
F
18 ?
F3C\C/C\C/CF\C/SOJH
F2 F2 Fa
OH 4.5137 —2.4369 128.4507 7.796 2.00 —6.36
w & Lo
FSC/ \,(.5/ \(F:/ \sogH
2 2

F OH F F. 4.5488 —3.5350 128.5855 8.433 10.33 1.29
20 FJC/C\Fi/C\g/C\s%H

F Fa ’ Fa 4.5895 —4.1378 129.2074 8.823 15.43 5.98
21 FJC/T\C/C\C/C\SOGH

on F2 k2

G Ez Ez Ez 4.6909 —3.9401 129.8515 8.823 15.43 5.98
22 \C/ \c/ \C/ \SOJH
F2 Fa F2
F2 Fa Fa 5.0038 —2.3027 131.8955 8.264 4.95 0.63
1 FzHC\C/C\O/C\o/C\c/SOQH
F F2
T 4.9090 —3.0655 132.4447 8.629 9.58 5.08
F,
2 CF. 0. o. é
Fe” N N N Nsop
F2 F2 F2
H 5.3336 —2.0942 132.3816 8.436 7.14 2.74
F2 F2
3 Fac\c/CF\o/c\o/c\C/so,H
F2 F2
T 5.0714 -3.1197 132.5748 8.795 11.70 7.11
4 e & CF ¢ SOH
D NI N
F, F
F2 E 5.0660 —2.9149 132.4057 8.671 10.12 5.60
Unknown 4. 5 F:C\C /O\C /C\o /T\C _SOoH
CgH,05SF;, Observed F, F2 y R 7.8741 (4a)
mass (m/z): 412.9364 H 5.0624 -3.0510  133.2977 8.781 8.2114 (4b) 11.51 6.93
mass error (ppm): 1.32 ¢ /Ez\ /‘l:F 6 k2
FiC o \g/ \g/ \so,n
T 4.9566 —2.9721 132.1684 8.604 9.27 4.78
F, F, F,
7N RN
FiC o \g o SOH
2
F, rYOR 5.1196 —3.1378 132.7994 8.853 12.44 7.82
g Fic c | ¢ SOH
AN NV
F [
H 4.9058 —3.0654 132.2562 8.618 9.45 4.95
WO -
re” N0 N N0 som
2
H 4.6465 —2.8149 132.9380 8.300 5.40 1.07
10 & o lp &
F,c/ \g/ \(F:/ o \soan
A A
T 5.0426 —3.0240 133.0953 8.741 11.01 6.45
11 ke & o. CF. SOH
e e e N
F2 F2 F2
F2 F2 F2 F2 5.0897 —-3.1861 132.7610 8.854 12.45 7.83

C C. C. C.
12 (o \ﬁ/ o NN
F

SOgH
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M.G.E. Guardian, et al.

Table 2 (continued)
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Unknown Structure of possible isomer log Kow log Kow-wet.  Polarizabilit- Calculated Experimental % Error % Error
wet-neutral anion y, a.u. Retention Retention factor (peak a) (peak b)
factor (Kearc) (Kexp)
FiC 4.6959 —2.9236 131.8645 8.354 6.10 1.74
o
13 FsC t|'. (F:Z
E)
\(F:/|\o/ \so,H
| w
¥
H\ /CFa 4.6841 —3.2964 131.8947 8.550 8.59 4.13
F;
c C
14pe”” NE7 o7 Ssom
¥C
\ /F 4.6306 —2.9734 131.8871 8.329 5.78 1.44
F2
0. c C
15 F,c/ \c\/ o \so,H
[ 29 CF;
¥0,  CHF 4.7740 —2.9922 131.8938 8.456 7.39 2.98
16 FsC c o SO,H
3 \o - \c - \c o3
F2 F2
Fac\ /CFa 4.8873 —2.9595 131.9456 8.532 8.35 3.90
17 FHC c 0. SOzH
2 \o Ve \c v \c P
Fa F,
Unknown 5. CoH,05F 6 H 5.2592 —1.5514 141.4055 8.457 8.6433 —-2.16 NA
Observed mass (m/z): zz Zz Zz lF
444,9722 mass error re” N N N Neoon
(ppm): —1.02 F2 F2 F2
COOH 5.4610 —1.1919 138.8875 8.317 -3.77 NA
2 Fc & & CH
C
N SN N N,
F2 F2 F2
COOH 5.5702 —0.9425 138.5908 8.256 —4.48 NA
N -
3
AN N
F2 F2 F2
‘|3°°” 5.6030 —0.8562 138.6274 8.237 —-4.70 NA
F. F.
4 c CH c CF.
e

McCord and Strynar, 2019; Barzen-Hanson et al., 2017). For most
studies (McCord and Strynar, 2019; Barzen-Hanson et al., 2017;
Newton et al., 2017), discovery of new PFASs from samples collected
around fluorochemical manufacturing or contaminated sites were
communicated using the Schymanski classification (Schymanski et al.,
2014). Identification can be classified as level 1 when proposed com-
pound is confirmed via comparison of MS, MS? and retention time to a
reference standard, and as level 2a if a probable structure matches to a
library spectrum of known PFAS or 2b if there is diagnostic evidence of
MS and MS? spectrum when no reference standard is available. A ten-
tative candidate (level 3) based on diagnostic fragments and similarity
to identified compounds can also be assigned.

To demonstrate the applicability of using both unique and common
fragmentation patterns (listed in Table 1) in proposing structures of
newly identified PFASs, we analyzed an effluent collected from Che-
mours plant in North Carolina (McCord and Strynar, 2019), and surface
water samples collected from Thailand and Philippines (Guardian et al.,
2020) using the optimized LC-HRMS method. Five unknown PFASs
found in these samples (see Table 2) were previously reported with
confidence level 3 (unknown 1) and 2b (unknown 5) (Guardian et al.,
2020) and level 3 (unknowns 2, 3, 4) (McCord and Strynar, 2019). The
putative structures of these unknown PFASs were evaluated using the
relationship between COSMO-RS derived log K, and k. The experi-
mental MS? fragmentation, ion assignment and the proposed structures
for these compounds are presented in the supplementary material part
IV. The mass error for all precursor ions assigned to the experimental
m/z observed is within + 1.32 ppm, while for MS? fragments the mass
error ranged from 0.01 to 16.49 ppm (see SI, part IV). While mass error

of + 5 ppm has been considered generally acceptable for precursor
ions, the mass error tolerance for MS fragments are higher, as has been
reported in recent studies involving nontargeted analysis of PFASs in
environmental matrices (McCord and Strynar, 2019; Wang et al., 2020).

For unknown 1, which contains an ~OH functional group, only a loss
of —CH; was evident in the MS? spectra (SI part IV). For unknowns
2-4, the observed fragmentation pattern (SI part IV) was similar to the
fragmentation pattern of the fluorinated alkyl ether acid standards
analyzed (SI part II figure aa and bb), wherein presence of fragments
corresponding to FSO,~ (m/z = 82.9613) and FSO5; ™ (m/z = 98.9567)
confirms sulfonate as head group. The fragmentation occurring at the
ether (C— O —C) bond was evident based on the fragment ions observed
for each compound and the neutral loss corresponding to HF observed
for polyfluorinated alkyl ether acids. For unknown 5 (SI part IV), the
neutral loss of CO, confirms the presence of a carboxylate as head
group in the proposed polyflouroalkyl carboxylate structure. The loss of
mass corresponding to —CF, (m/z = 49.9971) and the presence of
CoFs~ (m/z = 118.9934), a common fragment for carboxylates, were
also observed, further supporting the proposed structure for unknown
5. The earliest discovery of fluorinated alkyl alcohol and H-substituted
PFCAs in the environment were reported by Wang and co-workers
(Wang et al., 2018) from a wastewater treatment plant of a PFASs
manufacturing facility in China, while ether-PFSAs were first reported
by Liu and co-workers (Liu et al., 2018) in fish samples collected from
Yangtze River (China) that is impacted by a PFASs manufacturing
company.

Two chromatographic peaks for unknowns 3 and 4 were observed.
The MS? spectra for each peak showed differences in the MS? fragments
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Fig. 1. Extracted ion chromatograms (EIC) and MS? spectra of two unknown PFASs, each with two isomers, detected in real environmental (water) samples. 1A - EIC
of unknown 3a and 3b; 1B - EIC of unknown 4a and 4b; 1C - MS? spectra and the corresponding fragmentation of unknown 3A; 1D - MS? spectra and the
corresponding fragmentation of unknown 3B; 1E - MS? spectra and the corresponding fragmentation of unknown 4A; 1 F - MS? spectra and the corresponding

fragmentation of unknown 4B.

(Fig. 1), indicating presence of isomeric forms (i.e. different substitu-
tion patterns that vary based upon the position of a hydrogen or oxygen
atom). While the environmental risk and toxicity of the isomeric forms
of PFASs are not yet fully understood, a recent study has shown that
branched PFOA isomer in human serum is positively correlated to uric
acid levels. It appears that higher levels of uric acid occur for each log-
unit increase in branched PFOA, and that likelihood of hyperuricemia
increases linearly with increasing branched PFOA (Zeng et al., 2019),
highlighting the importance of distinguishing between PFAS isomers.

3.5. Confirmation of retention factor
Reversed - phase LC has become a common technique for the in-

direct determination of log K,,, values for new chemicals using a cali-
bration plot that establishes the relationship between known log Ko,

values and experimentally determined LC retention times or k values
for structurally similar compounds (OECD, 1989). A regression equa-
tion from the calibration plot can be used to predict k values of un-
known compounds with similar structures, as has been reported in the
literature that used COSMO-RS derived physicochemical properties or
other theoretical data to predict k of unknown compounds (Paschke
et al., 2001; Simpson et al., 2015; Izydorczak et al., 2020).

In this study, COSMO-RS calculated log K, values of 32 PFASs
(deemed the training set), along with their mean isotropic polarizability
plotted against their corresponding kex, were used to construct a re-
gression line. While it is possible to use only the log Kow.neutra, the
sensitivity of the model was greatly improved with the inclusion of log
Kow- anionic- Thus, 3 of the compounds (FOSA, FBSA, N-MeFOSA) were
removed from the regression because they do not have an easily ac-
cessible anionic form at the experimental conditions used in this study.
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Note that our regression does not account for the specific inter-
molecular attraction forces of the analyte with the stationary phase of
the column, which obviously contribute to the differences between ke,
and Kcqc. Inclusion of a parameter that considers this analyte-column
interaction may improve our predictions in future studies
(Bidlingmeyer et al., 1982; Guo et al., 1986). It is also noted that this
model is specific to this experimental methodology but the theoretical
results reported herein can be used by other scientist to produce their
own multivariable regression to calculate retention factors. We have
recently determined that polarizability is a good predictor for the re-
tention times of polybrominated diphenyl ethers (Izydorczak et al.,
2020), thus, we included it in our regression. The equation of the re-
gression using the log Kow_wet-neutral, 10§ Kow-wet-anion and polarizability
values was determined to be:

080823108 Kow-wet—neutral - 05488710g Kow-wet-anion
+0.04200-polarizability -2.5842 (€))]

kcalc =

with a coefficient of determination (R?) of 0.983 and a residual stan-
dard error (RSE) of 0.365. All statistics and regressions were de-
termined using the R environment (R Core Team, 2020). It was de-
termined that there is a significant relationship between the variables
and k base on p-values, f-tests, and other factors (see the SI - part V for
more details) for log Kow.wet-neutrats 108 Kow-wet-anion, and polarizability
(6.90 x 1071°, 1.93 x 10°, 2.88 x 10™*, respectively) at the 0.05
significance level ().

In order to evaluate the performance of this 3-variable regression, a
new modified regression was constructed by removing 5 of the com-
pounds from the training set and treating them as “unknowns”. These
compounds were PFPeA, PFPeS, PFHxS, N-EtFOSAA, and 8:2 FTS which
were chosen randomly. It was determined that 3-variable (log Kow.-wet.
neutraly 108 Kow-wet-anion, and polarizability) regression performed ap-
proximately the same as a 5-variable (Iog Kow-wet-neutral, 108 Kow-dry-
neutrals log ch—wet—anioru 10g Kow—dry—anion, mean iSOtrOPiC polarizability),
and a 6-variable (log Kow-wet-neutral, 108 Kow-dry-neutral, 10g Kow-wet-anion,
log Kow-dry-anion, anisotropic polarizability, mean isotropic polariz-
ability) regression. More information about the performance and sta-
tistics of these regressions can be found in the SI (part V).

3.6. Differentiating PFAS isomers

In a previous experimental study on the separation of PFOS and
PFOA isomers using high-resolution differential ion mobility tandem
mass spectrometry (Ahmed et al., 2019), it was found that isomers that
differ by the position of a single perfluoromethyl group can be resolved.
As shown in Fig. 1, two of the unknowns (UNK3 and UNK4) each have
two isomers that are baseline separated in the chromatogram, which
prompted us to investigate if we can accurately determine the isomeric
forms present in the sample. Table 2 shows the summary of the different
possible isomers for each unknown and the corresponding % error in
Keale- For the first unknown (CsHsOF-), 4 isomers were compared and %
error in ke, ranged from 0.54 % to 9.70 %, which are equivalent to
retention time shifts ranging from 0.04 to 0.85 min. An error above 5%
is high, considering the MAE of the standards used in the test set
(maximum error obtained was 3.41 %) and the observed drift in the
retention time of + 0.4 min (maximum drift observed after 1 month of
analysis of standards spiked in matrix for method quality control).
Hence, for unknown 1, the predicted structure 4 that has a large error in
Keare (9.70 %) is unlikely to be accurate. On the other hand, isomers 1, 2
or 3 are all possible structures for unknown 1 based on the k¢, % error
being all below 5%. However, due to the limited MS® fragments for
unknown 1 (see SI part IV — a) it is not possible to determine which of
these three isomers is the most probable structure without a reference
standard. In contrast, for unknown 2, isomer 1 has the lowest % error in
Keale (4.19 %), and shows the presence of m/z = 184.9851 (C3F,0—) in
the MS? spectra (see SI part IV - b) corresponding to the fragment
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occurring at the C—O bond of the proposed structure of isomer 1.
Therefore, isomer 1 is the most probable structure for unknown 2.

Unknowns 3 (m/z = 396.9412) and 4 (m/z = 412.9364) each have
two isomers present, as shown in the two separated peaks in Fig. 1A
(UNK 3a and 3b) and Fig. 1B (UNK 4a and 4b), respectively. We
compared K. for each isomer to the ke, of the two peaks in unknowns
3 and 4. For unknown 3a, among the 22 isomers calculated for un-
known 3, isomers 9-16 have the tendency to produce a C,F,HO — (m/z
= 116.9969) that could loss HF resulting to m/z = 96.9906 (C,F30 —).
However, ke, % error for these isomers are too high (6.71-14.04%) to
be considered probable structure. Only 3 out of the 22 isomers (isomer
1, 8, 19) have an error of < 5% for k., with respect to unknown 3a.
Based on the structure, isomer 1 is expected to produce m/z =
184.9842 (F3CCF,CF,0—) while isomer 8 is expected to produce m/z
= 134.9874 (F3CCF,0 —), both of which were not observed in the MS?
spectra for unknown 3a (Fig. 1C). The lack of the common fragment for
ether-PFSA (m/z = 98.9557 (FSO3;™ ) and m/z = 82.9608 (FSO, ")) in
MS? spectra of unknown 3a suggests that there could be other func-
tional groups present in the molecule. Isomers 17-22 contain both the
OH and SOsH functional groups in the molecule. Of these isomers, only
isomer 19 (where —OH is at C4) has the lowest k¢, % error (2.00 %).
Therefore, we designated isomer 19 to be the most probable structure
for unknown 3a. We suspect that upon breaking of the Cc—SO3 bond, the
presence of —OH in the fluorinated alkyl fragment could lead to re-
arrangement reactions forming C,F4HO ™ moiety (m/z = 116.9979).

For unknown 3b, several structures (1-7, 10-18 and 20) resulted to
Keate error of < 5%. However, the MS? fragments, specifically m/z =
216.9910 (corresponding to HF,CCF,CF»CF,0 — moiety from to O-Cs
fragmentation (Fig. 1D)) limits the possibilities to structures 1-6 only.
Neutral loss of HF from the m/z = 216.9910 resulting to m/z =
196.9845 (Fig. 1D), further reduce the possibilities to structures 3-6
where H resides on the 4th, 3rd, 2nd and 1st carbon atom, respectively.
The low % error in k., values for these isomers showed that any of the
proposed structures 4 (-0.71 %), 5 (-0.96 %), or 6 (0.05 %) is possible
for unknown 3b.

Similar analysis was done for unknown 4; the structure that accu-
rately fits unknown 4a is structure 1 and for unknown 4b is structure 10
(Table 2, Fig. 1B). Structure 1 has the lowest % error in k. relative to
Kexp of unknown 4a, and the observed MS? fragmentation can be ex-
plained by the position of the C— O bonds in the molecule (Fig. 1E). To
locate the likely position of H in the alkyl chain, the % error in k., for
isomers 1-4 were evaluated; based on the low % error (4.95 %) of
structure 1 it is predicted that this is the most appropriate structure for
unknown 4a. We also varied the position of oxygen in the molecule to
predict if it is possible to separate these isomers experimentally. As
shown in the k., for isomers 5-12, some of them are expected to co-
elute (e.g. isomer 7 and 9 and isomer 8 and 12) while others are likely
to be baseline separated (e.g. isomers 5, 6, 7 and 8). For unknown 4b,
several structures resulted in a % error for k., below 5% (e.g. isomer 1,
3, 7,9 and 10, 13-17), however only isomer 10 can result to the MS2
fragmentation observed. This can be explained by the presence of m/z
= 246.9815 corresponding to CsFgO— as a result of Cs—O bond
breaking and a subsequent neutral loss of HF (Fig. 1F). Isomers 13-17
are possible branched isomers of unknown 4b. While error with respect
to unknown 4b are all below 5%, MS? fragmentation observed does not
support possibility of a branched isomer. These branched isomers are
expected to have CF;0— (m/z = 84.991) and — CF; (m/z = 68.996) as
fragments. These results highlight the importance of combining MS?
fragmentation and k values to distinguish between the isomers of
PFASs.

Lastly, for unknown 5 in which all of the proposed isomers had k.
with errors below 5%, only isomers 1 and 2 can be explained by the
MS? fragmentation with m/z = 380.9766 resulting from the simulta-
neous neutral loss of CO5 and HF from the precursor ion (SI, part IV - e).
With this, isomer 1 could be the most probable structure; having the H
and F reside on the same carbon (Cg) will likely have the highest
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probability to loose HF as compared to structure 2 where H and F reside
on different C atoms. The combination of lower k., error (-2.16 %) and
MS? fragments support structure 1 to be the most probable structure for
unknown 5.

To ensure that we get an accurate prediction for the regression, the
kexp values used to build the regression line were the average values of
3 different runs. For unknowns 1 and 5, which were detected in the
water samples from the Philippines and Thailand (Guardian et al.,
2020), we used an average Ky, from five samples, while for unknowns
2, 3 and 4 that were detected in the Chemours effluent sample, 3 se-
parate runs were performed at varying voltages and the average kexp
from these runs was used.

As mentioned earlier, these unknowns were reported in previous
studies (Guardian et al., 2020; McCord and Strynar, 2019) with a
confidence level of 2b and 3, based on Schymanski classification
(Schymanski et al., 2014). In this present work, level 2b can be assigned
to the possible isomers identified for unknown 1 (structures 1-3) and 3b
(structures 4-6). Level 2a can be assigned to the most probable struc-
ture assigned for unknown 2 (structure 1), 3a (structure 19), 4a
(structure 1), 4b (structure 10) and 5 (structure 1), which is an im-
provement in the classification level previously reported for these
compounds. This level assignment considers the fact that HRMS data
were obtained using the same acquisition method applied to PFASs
standards and MS? analysis was based on the fragmentation pattern
observed for PFASs standard. Moreover, the Key, of these unknowns
matched k., (within + 4.2 % error) as predicted using the relationship
between COSMO-RS-derived Log K, and k values established using
PFASs standards.

3.7. Potential caveats

One major downside to this methodology is that our regression re-
quires to have compounds that can form anions. In the future, we plan
to build a regression that can be applied to molecules that form cations
using the neutral and cationic log K., values to predict the k values of
these compounds. To achieve this, more neutral and cationic PFAS
analytical standards are needed. Another caveat is that due to the
limited fragmentation of some emerging PFASs, determining plausible
isomers based on the fragmentation pattern can be taxing because of
the large number of possibilities for structures. However, as the number
of available analytical standards in the training set increase, the pre-
dictive capability of the combined COSMO-RS based regressions and
MS? fragmentation data for unknown identification should improve.

4. Conclusions

In conclusion, we have calculated the log K, values for both the
neutral and the anionic forms of several legacy and emerging PFASs
using COSMO-RS. We have also demonstrated that using the established
relationship between calculated log K, values, calculated mean iso-
tropic polarizability values, and ke, values for 32 PFASs in our training
set, we are able to obtain the k., values for 5 emerging PFASs within
4.2 % error through a simple multivariable regression. Moreover, the
systematic study on HRMS fragmentation patterns of PFASs standards
allowed elucidation of the structures of newly identified PFASs and
facilitated proposal of putative chemical structures that are supported
by characteristic fragment ions. The combination of accurately pre-
dicted ke values, accurate mass measurements, and characteristic MS?
fragmentation patterns can facilitate the identification of the largely
unknown structures of emerging PFASs that are continuously being
unraveled in the environment.
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