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ABSTRACT: Per- and polyfluoroalkyl substances (PFAS) are persistent, widely spread,
and harmful pollutants. They can travel through the air, be transformed by radicals, and
deposit into water or onto surfaces. They enter the atmosphere via direct emission,
degradation of precursors, or aerosol formation. A recent investigation found novel
compounds in rainwater, meaning PFAS may undergo transformations in the atmosphere.
These transformations might exhibit distinct behavior compared to more well-researched
reactions, creating difficulties in the identification of any new compounds being produced.
Using density functional theory (DFT), we simulated reactions of PFAS with a major

atmospheric radical, the hydroxyl radical, revealing activation energies and other thermodynamic insights. The activation energies aid
in predicting likely reactions and understanding speciation. Identifying new species can guide future analyses and remediation efforts.
We focused on the nine most widely studied families of PFAS, finding that radical abstraction along the alkyl chain is favored over
functional groups regardless of chain length. These results establish a new foundation for understanding PFAS transformations in the

atmosphere, especially when decarboxylation is not followed.

KEYWORDS: Per- and polyfluoroalkyl substances, PFAS, hydroxyl radical, atmospheric transformation, DFT

B INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are persistent,
ubiquitous, and harmful pollutants.’" PFAS were initially
developed for various commercial uses due to their hydro-
phobic, oleophobic, and surfactant properties. These sub-
stances are produced on a large scale for many different
commercial applications due to their high thermal and
chemical stability.” Unfortunately, this stability that made
them so useful also makes them extremely recalcitrant
environmental contaminants. These substances have perfo-
rated the environment and our bodies through multiple
pathways." PFAS cannot be easily broken down naturally or
with existing wastewater treatment methods due to the strong
carbon—fluorine bond.? They tend to accumulate in organisms
and have been detected in 98% of humans, raising concerns
about their link to cancer and other environmental issues.®
They can reach the atmosphere through direct emission,
aerosol formation, or by degradation of precursors.””’
Atmospheric PFAS profiles show that some subclasses are
likely to partition into the gas phase, depending on functional
groups and the degree of fluorination.”” Once there, PFAS can
undergo long-range transport in both gas and particulate
phases, eventually brought back down by wet and dry
deposition.'” The discovery of PFAS in distant, isolated areas
like the Arctic and Antarctica are evidence of this long-range
transport, as they are not produced naturally.''~"* Transport
and deposition of PFAS raise concerns due to their adverse
effects on ecosystems and human health.*"*~"”
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The exact amount and variety of PFAS in the atmosphere
remain uncertain. Previous studies have quantified a variety of
PFAS in the atmosphere, but their analysis was limited to only
searching for some of the most commonly produced
PFAS.”'"'® A recent investigation found novel compounds
in rainwater, raising questions about potential chemical
transformations in the atmosphere.'” In the same study, it
was shown that these uncharacterized compounds may
constitute the majority of PFAS in rainwater samples.
Enhancing methods for identifying these compounds is gaining
importance as these novel substances become more prevalent.
The analytical challenges such as the lack of available PFAS
standards hamper PFAS detection, quantification, and
characterization in the environment. While improvements in
analysis have been made, only a small portion of the total
PFAS have been directly detected with targeted approaches.*
Nontarget analysis shows promise, but researchers have
varying confidence in the resulting identified structures, and
the technique requires further development.'” To address
these challenges and improve our understanding of the
mechanisms involved, a computational approach examining
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interactions of PFAS with atmospheric radicals can help
predict speciation and provide critical information to assist in
future analysis.

This study examines the reaction between PFAS and the
hydroxyl radical by employing density functional theory
(DFT). Hydroxyl radicals were used because they are
ubiquitous in the atmosphere and they play a role in
environmental transformations of aqueous film forming
foams (AFFF) which contain PFAS.'*'**"?> While the direct
oxidation of PFAS by hydroxyl radicals in the aqueous phase
has been a subject of debate, these radicals are integral to the
chemical transformation mechanisms of PFAS in diverse
oxidative conditions.” In this study, we explicitly study
hydrogen atom abstraction by a hydroxyl radical in the context
of PFAS. The abstraction generates a radical on PFAS,
initiating its atmospheric chemical transformation. Under-
standing this radical initiation step is a key initial approach to
comprehending the observed complex speciation in the
atmosphere. The DFT computations can provide crucial
parameters such as bond dissociation ener%ies, reaction
enthalpies, and associated activation energies.”>"~> Comparing
activation energies helps identify which reaction pathways are
more probable and provides insight into speciation.

In this paper, we have performed hydroxyl radical
remediated reaction with nine PFAS classes and subclasses,
namely, perfluoroalkyl carboxylic acids (PFCA), perfluoroalkyl
sulfonic acids (PFSA), fluorotelomer carboxylic acids (FTCA),
fluorotelomer sulfonic acids (FTSA), fluorotelomer alcohols
(FTOH), perfluoroalkyl sulfonamides (FASA), perfluoroalkyl
ether acids (PFEA), perfluoroalkyl diether acids (Double-
PFEA), and perfluoroalkyl aldehydes (PFAL). Fluoroalkyl
chain length was varied to match the variety of different chain
lengths found in the environmental samples such as rain-
water.'®*® The role of & carbon substitution by trifluoromethyl
groups was also investigated because PFAS replacement
molecules such as the regulated hexafluoropropylene oxide
dimer acid (HFPO—DA, trade name GenX) were produced
with this substitution and they have also been found in
rainwater.”®>” The results of this study show no noticeable
chain length dependence for most families, and abstraction of a
hydrogen atom through the alkylated chain is always preferred
when compared to abstraction from the functional group.
These results serve as the fundamental basis to develop new
mechanisms for PFAS transformations in the atmosphere.

B MATERIALS AND METHODS

DFT calculations were performed using Gaussian 16 software
suite employing the MO06-2X/6-311++G(2d,2p) level of
theory.”® The selection of M06-2X functional was based on
its demonstrated accuracy for main-group thermochemistry
and kinetics, particularly in the context of noncovalent
interactions like hydrogen abstraction, rendering it a highly
suitable functional for this study.” Alternative functional and
basis set combinations were explored, but the M06-2X/6-311+
+G(2d,2p) setup proved to be the most efficient choice for
both the PFAS and radical systems under examination (see
Supporting Information for more information). We expect the
electron density of a PFAS molecule in the atmosphere to be
influenced by other coconstituents interacting with PFAS
during hydroxyl radical reactions. Hence, the SMD implicit
solvation model for water was employed to consider the
microsolvation environment.>® We validated this choice of
implicit solvation for this experiment, the details of which can
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be found in Figure S1 and the associated discussion. However,
it has been shown that in the atmosphere hydroxyl can have
sparse interactions with water,”’ meaning the polar PFAS
molecules only have sparse interactions as well, and that the
SMD solvation model may not be the most accurate treatment
for the conditions. While the SMD model was found to be
acceptable for this investigation, the researchers recommend
utilizing a few explicit water molecules instead of any implicit
solvation in future studies.

All of the stationary points and transition states were
characterized by obtaining second derivatives of energy
analytically and identification of no or one imaginary
vibrational mode, respectively. To characterize the nature of
transition states, the intrinsic reaction coordinate (IRC)
method was employed. Furthermore, using the imaginary
vibrational modes, both reactant and product complexes were
obtained that were subsequently used in the calculation of
activation barriers.

To provide a complete analysis of this reaction, it was
necessary to examine the effects of different conformations on
the activation barriers. It has been demonstrated in literature
that hydrogen abstraction reactions can be influenced strongly
by different conformations.>> However, many PFAS studied
here do not have the ability to freely rotate around as many
carbon—carbon bonds as normal alkanes due to their rigid
helical conformations, but it has been demonstrated they have
some conformational variability for hydrogen abstraction.*™>
For certain PFAS species, conformations have been found with
unique intramolecular interactions which substantially distort
their structures, however when these molecules are coordi-
nated to a hydroxyl radical in these transition states these
electrostatically interacting conformers are not possible.*’
Nevertheless, to evaluate the importance of conformation
analysis for this study for this study, the constrained transition
state randomization (CTSR) tool was employed to generate
many different transition state conformations for a critical
family (FTCA).*® It was determined that the results presented
herein are upheld without an in-depth conformational analysis
due to overall small changes in geometry and energy (see
Figure S3 and associated discussion for more details). While
this initial conformational sampling is suitable for this
investigation, future studies with a quantitative focus should
include comprehensive conformational sampling.

B RESULTS AND DISCUSSION

In this study, we investigate a range of PFAS subclasses,
including completely fluorinated subclasses (PFCA, PFSA, and
PFAL), fluorotelomer subclasses (FTCA, FTSA, and FTOH),
subclasses with ether groups (PFEA, Double-PFEA), and
sulfonamides (FASA). Figure 1 depicts the structural
representations of each compound subclass, with “R”
representing a fully fluorinated alkyl chain. Our investigation
examined each H atom abstraction site on the molecule, which
varied for each subclass. For example, 6:2 FTCA offers two
potential hydrogen abstraction sites whereas in case of PFCA,
only the carboxylic hydrogen can be abstracted. Additionally,
for subclasses with a wide range of chain lengths present in
rainwater, such as PFCA, we conducted simulations at multiple
chain lengths to explore the potential impact of side chain. The
length of the perfluoroalkyl chains can have an impact since
perfluoroalkyl chains are helical in nature when compared to
alkyl chains, and thus disturbing this helix with the creation of
a radical will affect the energy of the system that would change
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Figure 1. Different subclasses of PFAS investigated in this study. Note
the R in structures denotes a completely fluorinated chain of varying
length. The X in the fluorotelomers names denotes the number of
carbons in the completely fluorinated alkyl chain.

depending on the amount of energy stored in the helical
conformation.””*” For most PFAS families, we also explored
the substitution of fluorine with a trifluoromethyl group on the
a carbon to assess its influence. In the case of FASA, we
investigated the impact of substitution at the nitrogen center,
as well.

Chain Length Dependence for PFCA. We began this
work by evaluating the effect of fluorinated alkyl chain length
on activation energy for the hydrogen abstraction in the case of
PECA. This narrow focus allows us to establish a baseline for
comparison with other PFAS families. Figure 1 illustrates that
PECA offers only one potential site for hydrogen abstraction,

which resides within the carboxylic acid headgroup. These
molecules are prevalent in the gas phase and are characterized
by a diverse range of alkyl chain lengths, both in the gas phase
and in rainwater.”"*"?

As depicted in Figure 2, the activation barrier energy
revealed no discernible correlation with the length of the alkyl
chain. It is crucial to emphasize that any slight trend observed
can be attributed to the margin of error associated with
thermal corrections in quantum chemical computations. This
error is a systematic error resulting from how quantum
computations incorporate rotational degrees of freedom, and is
relevant for all molecules in this study.*’ More information
about this systematic error can be found in the Supporting
Information. Based on the deviation of the data points from
the average, a gratuitous estimate of this error could be around
1.5 kecal/mol. This is evident when examining a plot of the
bottom-of-the-well energies, which do not consider thermal
corrections, against chain lengths, where no discernible trend
emerges in Figure S2. These results align well with the prior
literature, which also found no chain length dependence for
electron addition at any position along the chain and reported
that vertical attachment energy remained consistent regardless
of chain length for PECA.**

Chain Length Dependence for FTCA. As shown in
Figure 1, FTCA molecules offer two potential sites for
hydrogen abstraction: one from the carboxylic acid headgroup
and another from the @ carbon, which features two hydrogen
atoms in contrast to the fluorine atoms present in PFCA. The
chain length dependence of abstraction from both the
headgroup and alpha site were tested. As illustrated in Figure
2, the activation energy graphs for each site suggest a slight
chain length dependence for FTCA. However, looking at a plot
of the bottom-of-the-well energies shows no apparent chain
length dependence, although there is a single outlier present
(Figure S2 in Supporting Information). Therefore, we believe
any apparent trends are introduced by the thermal correction
errors, and we can confidently assert the absence of significant
chain length dependence for FTCA.

Chain Length Dependence for PFEA. PFEA compounds
are characterized by a limited range of chain lengths, primarily
manifesting as a single variant known as HFPO—DA (trade
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name GenX). Notably, the presence of ether linkages means
that any abstraction or radical formation at the headgroup
occurs farther from the extended hydrophobic tail, resulting in
a reduced impact compared to PFCA counterparts. As a result,
experimental investigations of these compounds focused on
only a few select chain lengths. The data, presented in Table
S1, agrees with this reasoning, showing only a 0.2 kcal/mol
difference in PFEA molecules with two ethers (Double-PFEA).
It is possible that changes in the length of the inner chain could
have an effect but that was not included in this investigation.

Based on the results discussed above for PFCA, FTCA and
PFEA, we conclude that hydrogen abstraction by a hydroxyl
radical does not have a dependence on the length of the
perfluoroalkyl chain in the gas phase. This conclusion holds
significant importance, particularly in light of evidence
suggesting that shorter chain PFCAs are more resistant to
degradation through many methods.”* In processes where
surfaces play a pivotal role in PFCA degradation, hydrophobic
and dispersive interactions exert a substantial influence on the
chemical degradation of PFAS by interfering with the ability
for the molecule to adsorb on the surface.*’ This is
demonstrated by a decrease in effectiveness for a variety of
degradation techniques as the chains get shorter.”** Yet, in the
gas phase, surface coordination is unnecessary for the initiation
step of hydrogen abstraction. As a result, the observed
relationship between degradation effectiveness and chain
length does not apply in this context.

Furthermore, the implication of these findings extends to the
composition of atmospheric profiles of PFAS. The data shows
that PFAS could be degraded at the same rate regardless of
length, unlike what is observed in the aqueous phase.** This
implies that it would be quicker to produce short and
ultrashort chain PFCA compounds in the atmosphere than
solution. As a result, the presence of short and ultrashort PECA
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may surpass what would be anticipated if one were to apply
aqueous radical degradation rate constants to estimate airborne
PFCA concentrations. Recent observations indicating the
predominant presence of the shortest PFCA, trifluoroacetic
acid, in the atmosphere and ice cores could be explained by
this phenomenon.***¢

Another noteworthy observation pertains to the activation
energies involved in the process. Specifically, the Gibbs average
activation energy for hydrogen abstraction from PFCA stands
at approximately 14.3 kcal/mol. It is worth noting the
proximity of this value to those reported in the literature for
the activation energies associated with the radical oxidation of
PFCA in solution, utilizing sulfate radical as the oxidant, where
values range between 13.4 and 25.6 kcal/ mol. 73" This
similarity suggests that the activation barrier for hydrogen
atom abstraction from the carboxylic group in the gas phase is
consistent with that encountered in the aqueous phase when
PFCA undergoes one-electron transfer from the carboxylate
group, mediated by the sulfate radical.

It is important to highlight the key distinction between these
two scenarios. In the aqueous phase, the oxidation of PFCA is
facilitated by the sulfate radical anion, whereas hydroxyl radical
has been reported to be an inefficient agent for PFCA
oxidation in the aqueous medium by itself.>> Conversely, our
results show that in the gas phase the oxidation of PFCA via
hydrogen atom abstraction by hydroxyl radical is a viable
process. This divergence in oxidation pathways underscores
the significance of the chemical environment in dictating the
teasibility and mechanism of PFCA oxidative degradation.

Site Selectivity for H-Abstraction Reaction. In addition
to the chain length dependence, we compared the activation
energies of different abstraction sites on the same molecules.
Many PFAS in the atmosphere are not completely fluorinated
and therefore have additional hydrogens along the alkyl chain

https://doi.org/10.1021/acsestair.4c00070
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that can be abstracted, such as the fluorotelomers. To get a
complete picture of oxidation processes, it is important to
evaluate the abstraction of these side chain hydrogens when
present. First, FTCA was tested, as it has two abstraction sites
as mentioned in the earlier section, the hydrogens on the a
carbon and the hydrogen on the carboxylic acid headgroup.
The data in Figure 2 highlights a prominent energy preference
for abstraction at the a carbon, along the alkyl chains, for
FTCA.

The disparity between the average activation energy for
carboxylic acid abstraction (13.3 kcal/mol) and alpha chain
abstraction (8.5 kcal/mol) is substantial, amounting to a
difference of 4.8 kcal/mol. This difference surpasses the
expected error stemming from thermal corrections, which is
estimated to be about 1.5 kcal/mol. Consequently, we can
assert with confidence that the preference for side chain
abstraction over H atom abstraction from the headgroup is
well-founded. These findings are in excellent agreement with
experimental results that found hydroxyl radical had a 100%
yield when reacting with the a carbon of fluorotelomer
alcohols.” This phenomenon markedly contrasts with what is
typically observed in the surface dependent degradation, where
the radical is preferentially formed at the headgroup.’
Furthermore, it can be clearly seen in Figure 2 that across
multiple families, the side chain abstraction is lower in
activation energy than the carboxylic acid head groups.

A stereoelectronic explanation can be provided for the
disparity in activation energies of H atom abstraction from the
carboxylic acid and a carbon sites. Any filled or unfilled
orbitals of similar energy that can physically align near the
singly occupied radical orbital provide a stabilization by
lowering the overall energy of the system, so the system with
more of these interactions is lower in energy.** If the hydrogen
is abstracted from the carboxylic acid, the resulting radical can
be stabilized by interactions with the adjacent carbon—oxygen
double bond 7 system, as depicted in Figure 3. However, if the
radical is instead on the a carbon, it can have the same
interaction with the z-system, but this position enables an
additional stabilization effect through interaction with the lone
pairs of the fluorine atoms on the beta carbon.

Subsequently, our investigation was extended to two X:3
FTCA molecules, which introduce a third potential abstraction
site, the beta carbon. Our findings indicate that H-abstraction
from the beta site requires lower energy compared to the
carboxylic acid site. (Table S2) However, it is important to
note that H-abstraction from the alpha site remains the
preferred option over the beta site. This preference is
attributed to the ability of a radical located on the o position
to engage in electron donation into the z-system of the
carbon—oxygen double bond, as visually depicted in Figure 3.
Nevertheless, H-abstraction is preferred from the side chain.

This conclusion of side chain abstraction being preferential
holds significant implications for the atmospheric fate of
FTCA. Existing degradation pathways where oxidation takes
place at the headgroup followed by Kolbe decarboxylation,
ultimately leads to the regeneration of a carboxylic headgroup
with shorter alkyl chain.” However, initiation on the side chain
would likely result in a different resulting reaction pathway, but
this requires more research as it has only been observed for
FTOH. This implies that in the atmospheric context, side
chain abstraction may contribute, at least in part, to the
formation of new substances. We hypothesize that detailed
understanding of downstream products formed from H-

1356

abstraction at the side chain in the atmosphere will lead to a
better understanding of observed novel PFAS in the
atmosphere, for which further research is warranted.

Our subsequent investigation focused on the FTSA
compounds, which feature two hydrogenated carbons available
for abstraction. We faced challenges in simulating hydrogen
abstraction from the sulfonic acid headgroup, discussed below.
However, we successfully conducted simulations for hydrogen
abstraction from the headgroup, alpha, and beta carbon
positions. When comparing the abstraction energies in Figure
2, the energy required for side-chain abstraction is significantly
lower than that for the sulfonic acid headgroup. In alignment
with FTCA, these results are in excellent agreement with
literature and suggest side chain abstraction will be the
predominant radical initiation step in the atmosphere.’’
Consequently, the occurrence of side chain abstractions in
these previously unstudied reactions could be one route to the
newly observed products and may challenge existing
degradation pathways by introducing alternative reaction
routes, but this requires further research.

Additionally, as illustrated in Figure 2, the activation
energies for H atom abstractions from both alpha and beta
carbons are about the same in contrast to what was observed
for FTCA. This is likely due to the inability of the sulfonic
headgroup to provide resonance stabilization to the carbon
centered radical at the o carbon due to the geometric restraints
in FTSA which were not present in FTCA. Perhaps this is
important in the mechanisms forming the new PFAS found in
rainwater, but it is unclear at this time.

Impact of Branching at the a Carbon. The third
variable tested in this study is the impact of branching on the
H atom abstraction reaction; in particular, substitution of
trifluoromethyl groups onto the alpha carbons of the
perfluoroalkyl chains. The introduction of an a carbon
substitution noticeably influences the activation energy
required for H-abstraction from the functional group. To
elucidate this effect, we conducted simulations in which a
trifluoromethyl group replaced a fluorine atom at the @ carbon
position. This was done for the PFCA and PFEA families,
because these trifluoromethyl substitutions have been made on
these subclasses historically to produce replacements that are
supposedly easier to degrade (e.g., GenX). The results of these
simulations are presented in Figure S4, revealing a discernible
downward trend, showing that activation energy does decrease
as trifluoromethyl groups are added onto the a carbon, albeit
with relatively small differences in activation energies.

This observed trend can be rationalized from a stereo-
electronic perspective. As stated above, nearby orbitals of
similar energy provide a stabilization of the radical.>® Tt is
evident that the lone pairs associated with the fluorine atom
could align with the orbital occupied by the radical, as
illustrated in Figure 3. In the unaltered primary structure, there
exists the possibility of some overlap between the singly
occupied radical orbital and the lone pairs on the fluorine
attached to the a carbon. However, these orbitals are
somewhat distant in spatial proximity. When a trifluoromethyl
group is introduced as a substitution at the a carbon position, a
closer interaction emerges between the oxygen radical orbital
and a nearby fluorine lone pair, resulting in a stronger
interaction due to the reduced spatial separation of the orbitals.

In the case of the tertiary substituted compound, there are
two opportunities for this enhanced interaction or the
possibility of lone pairs of both trifluoromethyl groups

https://doi.org/10.1021/acsestair.4c00070
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the implicit solvation of water.

interacting with the singly occupied molecular orbital of the
oxygen atom, which imparts a slightly greater degree of
stability compared to the secondary substitution. This
hierarchy of stabilizing interactions is reflected in the activation
energies of these substituted systems, with the primary
structure exhibiting the highest activation energy, followed
by secondary and tertiary substitutions in accordance with the
strength of these interactions.

It is important to note that, in all of these molecules, the
singly occupied molecular orbital resides in relatively closer
proximity to the 7 and 7* orbitals associated with the carbon—
oxygen double bond. This spatial proximity suggests the
likelihood of a more robust interaction with these 7 orbitals.
Consequently, the impact of the & carbon substitution appears
relatively modest, as a stronger interaction is inherently present
in all systems due to the proximity of the radical orbital to the
relevant 7 orbitals.

The previously estimated 1.5 kcal/mol error in calculations,
however, suggests that the observed trend within approx-
imately 1.0 kcal/mol is likely not significant. The secondary
substituted compound even has an increased activation energy
for the PFEA data. We are therefore unable to make a concrete
conclusion; therefore, alpha substitution likely does not have a
large effect on the activation energies for hydrogen abstraction.
The environmental implication of this is that this substitution,
made in replacements like the GenX molecule to make it less
recalcitrant, does not have an advantage in this degradation
initiation reaction compared to similar molecules. Never-
theless, one can argue that a larger perfluoroalkyl side chain in
place of a trifluoromethyl group can affect the energetics of the
H atom abstraction reaction due to steric hindrance. However,
this would not greatly alter the stereoelectronic argument
presented here, and we did not explore this possibility in this
study.

H Atom Abstraction from Sulfonic Acid Headgroup.
Hydrogen abstraction from PFSA compounds was also
simulated, providing insights into chain length dependence
and allowing for a comparison with PFCA abstraction.
However, some challenges arose during the study of this
family. In the existing literature, four transition states have
been reported for hydrogen abstraction from sulfonic acids in
the gas phase.” Initially, we tried to base our transition states
on previously reported transition states but encountered two
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problems. First, when we attempted to recreate these transition
states the IRC analysis failed to provide the correct reactant
complexes, raising concerns about the validity of these
literature-reported states.”> Second, a closer examination of
the imaginary frequency in these transition states showed
oscillations of the H atom between the sulfonic acid and the
hydroxyl radical, as expected. However, these oscillations were
coupled with the movement of the hydrogen of the hydroxyl
group and the oxygen atom of the sulfonic acid, resulting in
what appeared to be a rotational frequency or a strong rotation
of the sulfur atom. It is also pertinent to note that experimental
studies have indicated that radicals are unable to abstract a
hydrogen from sulfonic acid in solution, further aligning with
the difficulties we encountered in simulating these transition
states.>

We eventually succeeded in generating transition states for
sulfonic acid headgroup hydrogen abstraction by manipulating
the solvation model and using the CTSR tool. The CTSR tool
was effective in identifying a few transition states, but only after
the SMD solvation model was disabled.*® Once identified, we
re-enabled the SMD model and reoptimized the transition
states so that the resulting activation energies would be directly
comparable to other values simulated in this experiment. The
findings, summarized in Figure 2, show no clear chain length
dependence, with activation energies substantially higher for
headgroup abstraction—consistent with what we observed for
PFCA and FTCA. These results suggest that in the gas phase,
hydrogen abstraction from the headgroup is possible, but the
side chain is preferred. This has implications for atmospheric
degradation mechanisms and could be an early step in forming
some of the newly detected PFAS. Additionally, the challenges
in simulating this family, closely tied to the solvation model,
may indicate a strong dependence of this reaction on the
polarization of the headgroup, which is disrupted by the SMD
model. We recommend that future studies examine sulfonic
acid abstraction in the presence of explicit water molecules, as
previously mentioned.

H Atom Abstraction for FTOH and PFAL. FTOH and
PFAL were also included in this study for consistency and a
possible benchmarking of our computational approach. Prior
investigations have comprehensively examined their atmos-
pheric fate and determined the rate constant for hydrogen
abstraction by hydroxyl radicals. It has been established in

https://doi.org/10.1021/acsestair.4c00070
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these previous studies that FTOH molecules eventually
undergo transformation into corresponding aldehyde which
are eventually converted to PFCA compounds in the
atmosphere.”*>”*® Consequently, FTOH and PFAL were not
simulated broadly in this study, as they can be regarded as
precursors to atmospheric PFCA and have already been
extensively scrutinized in the existing body of research.
Calculated energetics for FTOH and PFAL are included in
Tables S3 and S4, respectively.

For FTOH, the activation energy for H-abstraction from the
alcohol headgroup (~7.9 kcal/mol) was significantly higher
when compared to the abstraction from the side chain (~2.8
kcal/mol). If we use Wallington’s measured rate expression for
the H-abstraction from a carbon with hydroxyl radical and
back calculate the experimental energy barrier we get 5.4 kcal/
mol.>® This is relatively similar to the 2.8 kcal/mol simulated in
this experiment and is reasonable given the assumptions made
in this calculation, namely estimating Arrhenius pre-exponen-
tial factor and temperature and assuming the measured rate
only due to H atom abstraction from o carbon.

Data for simulated PFAL show a similarly low activation
energy. Activation energy for the reaction between CF;CHO
and OH radical was 4.9 kcal/mol, which is in excellent
agreement with an activation barrier of 4.2 kcal/mol, which
was back calculated from a literature rate constant as well.””
Another trend that emerges from PFAL data (Table S4) shows
the negative impact of fluorination where activation energy
increases with the amount of fluorine on the molecule,
suggesting they were withdrawing electron density from the
aldehyde and making it less reactive toward oxidation.
Nonetheless, the agreement of calculated data with previously
reported experimental measurements demonstrates the validity
of the computational approach utilized here.

H Atom Abstraction for FASA. Sulfonamides shown in
Figure S5 were modeled to determine how H-abstraction
activation energies were affected by different perfluoroalkyl
chains, alkyl headgroups, and abstraction sites. As shown in
Figure 4, activation barriers for H atom abstractions from the
amine center or N-alkyl groups are unaffected by the
perfluoroalkyl chain length. H-abstraction from different sites
in N-ethyl functionality shows that the methylene unit is the
most favored site followed by the CHj; group, making
abstraction from the nitrogen center the least favorable. In
the case of N-methyl functionality, H atom abstraction from
the carbon center was more favorable than the nitrogen center.

B ENVIRONMENTAL IMPLICATIONS

The results from this study showed that the oxidative
degradation of various PFAS families in the atmosphere is
feasible, the perfluoroalkyl chain length of a molecule does not
impact the reaction, and the side chain H-abstraction will be
preferred when available.

First, the activation energies of the hydrogen abstraction for
every subclass studied are of a similar magnitude (or lower) to
those of aqueous phase oxidation, suggesting the reactions are
feasible in the atmosphere. As shown in Table S5 summarizing
activation energies from this study, the values generally fall
below 14.5 kcal/mol. This aligns with experimental values
ranging from 13.4 to 25.6 kcal/mol for PFCA oxidation in
solution by sulfate radical.*’~>' For many PFAS families, the
activation barriers are substantially below the aforementioned
number, particularly for the abstraction of hydrogen from side
chains. It should be noted that in the aqueous phase specific
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conditions need to be met for oxidative degradation to take
place, and one could argue the same difficulty will be present in
the atmosphere. However, the key difference is that in the
aqueous phase, these difficulties are a result of dealing with the
deprotonated form of these chemicals, such as having to
manipulate the pH. This contrasts with the atmospheric
degradation, which would occur with the protonated forms of
the molecules and, therefore, will not have difficulties
analogous to the aqueous phase oxidation.

Second, the chain length was found to have no discernible
impact on the activation energy in the atmosphere. With
degradation mechanisms involving interaction to a surface,
such as in electrochemical oxidation, chain length plays a big
role, because chain length affects the magnitude of hydro-
phobic interactions and the solubility of the compounds. This
decrease in adsorption probability leads to substantially
decreased degradation efliciency for the short-chain and
ultrashort-chain PFAS in such systems. However, in the gas
phase, no coordination to the support is required. This in
conjunction with the lack of chain length dependence in the
actual activation energies suggests that in the atmosphere, all of
the various chain lengths would degrade at similar rates.
Consequently, higher concentrations of short and ultrashort
PFAS may be expected in the atmosphere. This could explain
recent observations made of exceedingly high short and
ultrashort PFAS found in rainwater in certain sites."”

Third, substances featuring trifluoromethyl substitution at
the a carbon position exhibited comparable degradation rates
to their nonsubstituted counterparts, albeit with a slight
enhancement in degradation rate. The researchers believe the
observed trend is too small to overcome the error introduced
by the thermal corrections, and it cannot be concluded from
these data if it makes a significant difference. This could mean
molecules like GenX that are marketed to be easier to degrade
because of this substitution are, in fact, just as recalcitrant as
the versions of the molecule without a trifluoromethyl
substitution in the gas phase.

Finally, side chain abstraction is the preferred pathway that
introduces the possibility of generating a diverse array of
compounds. While we did not simulate any potential reactions
starting from this side chain radical, it is likely that reactions
other than the Kolbe decarboxylation will follow. As a result, a
multitude of unknown reactions could result from this initial
abstraction step and may be responsible for some of the novel
compounds being observed. These results are in excellent
agreement with studies of FTOH, suggesting the side chain is
preferred for even more PFAS families. This side chain
abstraction could give rise to a multitude of products that
deviate from predictions made by existing methods. The
reaction pathways following this side chain abstraction must be
studied in more detail to elucidate the new breed of PFAS
being created in the atmosphere. These conclusions
collectively inform future studies on the fate and transport of
PFAS in the atmosphere, offering valuable insights into
potential speciation under atmospheric conditions.
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