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ABSTRACT: This work details the early events in the reductive defluorination of
perfluoroalkyl substances (PFASs) and presents a straightforward methodology for
predicting the reduction behavior of the perfluoroalkyl acids (PFAAs) using
electronic structure calculations. Electron attachment to linear perfluorocarboxylic
acids generally occurs at the a-carbon and is energetically not correlated to chain
length, contrary to the case for linear perfluoroalkanesulfonates, where electrons
generally insert into other positions. Perfluorooctanesulfonate and perfluorooctanoic
acid, two widely studied and scrutinized PFAAs, are therefore predicted to be
reduced through diverging pathways. Our protocol can predict the standard
reduction potentials of PFAAs, provides a rational basis for probing reaction
intermediates, establishes free energy relationships, and accounts for PFASs’

inherent structural diversity beyond the linear substrates.

B INTRODUCTION

Widespread biosphere contamination by perfluoroalkyl sub-
stances (PFASs) has become a worldwide dilemma' after
decades of pervasive and largely unregulated use. The chemical
recalcitrance and potential for bioaccumulation” of PFASs has
instigated a worldwide effort to detect PFAS in the
environment ™ and also mitigate the pathways of exposure.’
As the epidemiological implications of PFAS-based pollution
have become recognizable outside of scientific circles, many
studies continue to highlight the troubling aspects of acute and
chronic toxicity.® The growing body of evidence of the
negative impacts to human physiology, coupled with their
continued and worldwide use, warrants a more concerted effort
to understand PFAS degradation on a molecular level.” Studies
describing oxidative degradation techniques and their
associated mechanisms are prevalent in the literature;* '’
however, theoretical and mechanistic studies concerning
reductive techniques are scarce. The semiempirical work of
Forest et al,'" the analysis of electron attachment to gas-phase
n-perfluoroalkanes (n-PFAs) by Paul et al,'* and the recent
exploration of the kinetic aspects of perfluorooctanoic acid
(PFOA) reduction via zerovalent metals by Blotevogel et al.”?
are some noteworthy exceptions. Our work aims to reframe
and expand our knowledge of how PFASs are reduced at the
molecular level.

B MATERIALS AND METHODS

All stationary points were located with three density func-
tionals, B3LYP,"*™'° M06-2X,"” and @B97-XD,"® with 6-
311+G(2d,2p) basis sets using the Gaussian 09(d.01) software
suite.'” Hessian calculations were used to verify whether the
structure was a minimum or maximum, and the SMD implicit
solvent model*® was utilized throughout to mimic an aqueous
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environment. The Natural Bond Orbital (NBO 3.1,*'
Gaussian09) method provided atomic spin densities and
charges. All PFAAs were assumed to be in a deprotonated
(anionic) form (see the list of acronyms in the Supporting
Information). Standard reduction potentials (E?) were
calculated against the standard hydrogen electrode (SHE =
4.44 V) via eq 1.

AG,
E° = —MD) _ pg
nF (1)

B RESULTS AND DISCUSSION

PFBS and PFPeA as Model Systems for Electron
Attachment. First, we qualitatively explored the attachment
of electrons (e”) to perfluorobutanesulfonate (PFBS) and
perfluoropentanoic acid (PFPeA). The relaxed potential
energy surface (PES) scans at the B3LYP level revealed the
intermediates following e~ insertion (section S2 of the
Supporting Information). Upon reduction, the pathways
leading to the dissociation of the C—F bond were the most
thermodynamically favorable (Figures S1—S16). The geo-
metries and NBO populations of the optimized e™ adducts for
PFPeA and PFBS were indicative of dissociative e” attachment
processes resulting in weakly bound, noncovalent complexes
between the fluoride and the radical anion (Figure 1).

Thermodynamically, the most favorable position for e~
insertion was directly dependent on whether the compound
was a carboxylate or sulfonate (Table 1). Aqueous one-
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Figure 1. Intermediate radical-dianion conformations after electron attachment to PFPeA and PFBS with the position indicated by
“structure_carbon number”. NBO partial atomic charges and excess a-spin densities (in brackets) are given for “atom groups” except where the
extra electron is present (bold values) in which all atomic centers are given. Asterisks denote the lowest-energy conformations using ZPE-corrected

energies at the BBLYP(SMD)/6-311+G(2d,2p) level.

Table 1. Relative Bottom-of-the-Well (AE,,; i) and Zero-
Point-Corrected Energies (AE,, zpz), C—F Bond Lengths
(angstroms) for Each Electron Attachment Location, C—F
Bond Dissociation Energies of the Parent Molecule
(kilojoules per mole), and One-Electron Reduction
Potentials for Conformations Shown in Figure 1 (volts)
(SHE = 4.44 V) at the B3LYP(SMD)/6-311+G(2d,2p)
Level of Theory

AEgur AEazee  Rcp BDEcp  Eoom  Egyp
PFPeA 0 131.5 128.9 - - -2.99 -
PFPeA_1la 2.4 2.1 3.665 439.4 —1.50 —-1.22
PFPeA_1b“ 0 0 4.001 441.8 —1.52 —1.26
PFPeA_2 12.3 12.8 2.386 450.5 -1.74 —-1.32
PFPeA_3 7.3 6.9 2374 452.6 —1.64 —-1.34
PFPeA 4 45 44.8 2.501 490.1 -2.02 -1.76
PFBS_0 44.3 42 - - —2.02 -
PFBS_1 8.8 9.2 3.547 454.3 —1.61 -1.32
PFBS_2 8.4 8.8 2.336 440.7 -1.72 -1.19
PFBS_3“ 0 0 2.309 448.8 —1.61 —1.26
PFBS_4 38.5 38.55 2.439 489.4 —2.00 -1.74

“Lowest-energy conformation.
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electron reduction potentials were computed by treating the
intermediates as complexed (EZ,) or dissociated/infinitely
separated (E;sep_) products; EJ,.,, values were less negative due
to entropic effects. The aqueous reduction potentials
computed generally correlated with the bond dissociation
energy (BDE) of the parent monoanion’s C—F bond.
Attachment of an electron to PFPeA occurs near the a-carbon
(C1) (to the headgroup) and results in complete dissociation
of the C—F bond, while for PFBS, e~ insertion occurs at the y-
carbon (C3) and forms a stable intermediate. PFPeA 1a and
PFPeA 1b are the most stable because the radical is
resonance-stabilized by the z-system of carboxylate. Blotevogel
et al. also predicted reduction of the a-carbon for PFOA that
was predicated by computing C—F BDEs at the MO06-2X
level."” The sulfonate’s trigonal geometry in PFBS_1la cannot
impart the same z-stabilization, which is evident by contrasting
the spin/charge populations between PFPeA 1la/lb and
PFBS_1la. Desulfurization (PFBS_0), proposed in the ultra-
violet—sulfite-mediated reduction of PFOS,*” was also found
to be thermodynamically favorable. Structures akin to
PFPeA 0 have been previously proposed as photoreduction
intermediates,””** and PFPeA_0 was the only observed case of
nondissociative e~ attachment. NBO analysis of PFPeA 0
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Scheme 1. Proposed Mechanism for Two-Electron Reduction for PFPeA 0 in (1) Organic Nonprotic Solvents and (2a)
Explicit Aqueous Conditions for PFPeA 1a and (2b) the Implicit Stepwise Pathway for PFPeA 1b“
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“After the first reduction and fluoride release (red atom), the carbo-radical can undergo a second reduction, releasing fluoride (blue atom) in the
organic solvent or under aqueous conditions can undergo reaction with water (green atoms) to form H-incorporated compounds.
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Figure 2. Aqueous vertical attachment energies of n-PFAs, n-PFxSs, and n-PFxAs at the ®B97-XD(SMD)/6-311+G(2d,2p) level. The inset shows
the electrostatic potential overlaid on the total electron density (isoval = 0.001) and the a-spin-density isosurfaces (isoval = 0.001) for PFOA*™*,

PFOS>™® and CgF~*.

illustrates that the additional e” is mostly centered on the
carboxylate, indicating the influence of the z¢_q orbitals on
reactivity. A barrier-less transition state structure that connects
PFPeA_0 and PFPeA_1b was identified and represents one of
many possible mechanisms for attachment of e~ to PFxAs
leading to F~ discharge (Scheme 1 and Figure S18).
Following the first reduction and F~ release, the geometry of
the anion radical and the presence of a protic solvent have
sweeping implications for its subsequent reactivity (Scheme 1).
Contrary to the mechanism suggested by Qu et al., we found
abstractions of radical H atoms from a water molecule
kinetically and thermodynamically unfavorable.”® However,
perfluoro-dianion species created by a second reduction can
abstract a proton from water in a kinetically favorable and near-
thermoneutral process (Tables S1—S4). Double bond
formation, suggested in VB12-mediated reductive defluorina-
tion of branched PFxS,*° was also observed following the
second reduction of PFPeA 1la, except when explicit water
molecules formed hydrogen bonds with the carbanion. Full
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consideration of the solvent’s role in PFAS reduction was
beyond the scope of this work; nonetheless, these results
corroborate previously proposed mechanisms,””*” including
those hypothesizing that hydrogen is incorporated into the C—
C backbone.>***%*?

Benchmarking Computational Methods: n-PFAs and
Instantaneous Electron Attachment. Concurrently, we
assessed instantaneous attachment of electrons to various
(C3—Cg) n-PFAs, n-PFxSs, and n-PFxAs (C; excluded) by
computing vertical attachment energies (VAEs). VAEs, while
typically computed in the literature for gas-phase species, were
computed with the SMD continuum solvation model for a
direct chemical comparison. In these cases, the (aq) descriptor
will symbolize electron affinities computed with the SMD
model. Previously, the energies and the spatial extent of the
unoccupied molecular orbitals in the parent compounds
provided early mechanistic conclusions concerning PFAS
reduction” and were used to develop linear free energy
relationships (LFERs)."" We found the distribution and
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Figure 3. (a) Comparison of AEA(yq)s of posxtlon a and the (next) most favorable attachment positions for PFxAs (black) and PFxSs (red). (b)

Relationship between experimental k,,, values™

(ultraviolet—iodide) and theoretical AEAs for PFxAs and PFxSs. and All values are ZPE-corrected

electronic energies obtained at the @B97-XD(SMD)/6-311+G(2d,2p) level.

energetics of the first occupied and the next three unoccupied
molecular orbitals to be method-dependent for all three
subclasses of PFASs; therefore, we felt it necessary to move
beyond this qualitative marker (section S8).

Spin-density isosurfaces, which provide the spatial distribu-
tion of the additional e”, showed that inner-chain 6&_g orbitals
are the most susceptible to reduction in n-PFAs (Table SS and
Figure S19). From an energetic standpoint, the VAE(,s in
PFxAs did not significantly change with an increase in chain
length in contrast to the PFxSs and n-PFAs (Figure 2). The
MO06-2X-based results (Figure S20) complemented these
trends, but the B3LYP-based results showed that all three
subclasses have roughly similar VAE, ) behavior (Figure S21).
The spin-density isosurfaces and the electrostatic potential
maps revealed that PFOS and perfluorooctane stabilize the e~
along the perfluoroalkyl chain, juxtaposed with PFOA, in
which the e™ appeared to be delocalized across both 7&_g and
o&_g orbitals.

Subsequently, we computed the relaxed structures for the n-
PFAs (C;—Cs), n-PFxAs (C,—Cg), and n-PFxSs (C;—Cg) and
repeated previous gas-phase computations for the n-PFAs;'”
both illustrated similar electron attachment behavior (sections
SS and S6, Figure S19, and Tables S6—S8). However, the DFT
functional chosen had notable consequences for the energies
and geometries (Figure S22). The electron adducts for the
PFxSs and PFxAs were computed using two methods: (1) by
following the path of the instantaneous attachment from the
parent geometry to a minimum and (2) by systematically
extending each unique C—F bond of each substrate. Using the
latter method, attachment of e to the a-carbon position was
generally the most favorable for the PFxAs; however, in larger
PFxAs, attack in the perfluoroalkyl chain became more
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thermodynamically favorable (Tables S9—S16). We observed
this behavior for only the PFxAs (Figure 3) and again noticed
significant entropic effects when the PFxAs a-adducts were
treated as infinitely separated (Tables S17 and S18). Entropic
effects on the trends in Figure 3 were notable, although the
conclusions remained the same (Figures S23 and S24). The
results obtained through the first method were dependent on
the functional form (Figures $25—S27) and are likely related
to the small differences we observed in the distribution of the
unoccupied orbitals in the parent compounds (section S8). For
example, for PFOA, wB97-XD predicted nondissociative e~
attachment at the a-carbon, B3LYP predicted nondissociative
e~ attachment across the chain, and M06-2X predicted C—F
dissociation at position CS. Although, the first method
provided meaningful insights into the structural motifs possible
after e” attachment, the second methodology, whose results
are presented in Figure 3, allowed for a more consistent
evaluation of attachment of e to PFAAs. Despite theory’s lack
of definitive predictions, the experimental conclusions
regarding the chain length of a PFxA and their rate of
reduction also remain unclear; e.g,, no dependence was noted
in ultraviolet—iodide-based photoreduction® but was in
ultraviolet—Fe(CN)4-based laser flash photolysis work.*
Regardless, Figure 3b and Figures S23b and S24b illustrate
that a relationship exists between the observed rate constants
in the former work and AEA(,q)s of PFxSs and PFxAs with the
same chain length.”* The larger deviation observed for PFOS
could be attributed to the larger errors associated with
measuring [PFOS] and/or the fact that PFOS is also
composed of more easily reducible branched isomers that
contributed to larger observed rate constants.”*
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Scheme 2. Computing E{ Values of PFASs”
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Figure 4. Calculated E¢ values (in volts) for various PFAS substrates. The blue atoms represent the proposed site of chemical reduction, while red
represents chemical oxidation via Scheme 2. Literature values (italics) are from *Carter and Farrell*® and "Guan et al.** Structures with a red X were

resistant to Co(I)-corrin defluorination as described by Liu et al.*®

Predicting the Redox Behavior of n-PFAAs and
Beyond. The preceding analysis allowed for a systematic
approach to elucidating attachment of e~ to linear PFAS;
however, these parameters are not easily obtained and
rationalized through routine experimentation. To provide
more meaningful predictions, we devised a cogent, stepwise
method for predicting the E{ of PFASs (Scheme 2). Using 4-
(perfluorobutyl)-benzonitrile as an example substrate, the
®B97-XD(SMD)/6-311+G(2d,2p) method predicted an E?
within 0.1 V of the experimental result.”” We found reasonably
good agreement between theory and experiment was reached
when F~ and the radical intermediate were treated as infinitely
separated species. Therefore, all preceding computations were
subject to this constraint. Although this was not an original
focus of this work, Scheme 2 can also predict the oxidation
potential of various PFAAs using EJ,,, instead of EJ,.,
analogous technique presented recently by Baggioli et al.*" For
example, the reduction of PFOA* (E{ = 2.54 V, comp. and
exp.””) and PFOS® (E = 3.19 V comp., E® = 3.20 exp.””) can
be accurately reproduced. Baggioli et al. suggested B3LYP-
(PCM) or TPSSh(SMD) is a more suitable alternative, and
although they predict lower EJ values for PFOA® (~2.2 V), it
is in qualitative agreement with cyclic voltammetry experi-
ments with PFOA in acetonitrile.”** Accordingly, Scheme 2
in conjunction with the ®B97-XD-based method was utilized
to compute both the reduction and oxidation potentials for a

in an
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diverse set of PFAA substrates, including multifunctional and
branched species (Figure 4).

Figure 4 shows PFAA oxidation is dependent on the
headgroup and independent of the perfluoroalkyl chain length,
with e” loss typically occurring at or near the acidic moiety.
Conversely, reduction is far more structure-dependent;
electrons preferentially target the lowest-lying of_p orbitals,
typically tertiary carbon centers, and from resonance-stabilized
positions, if present.'” The substrates shown in Figure 4 reflect
our recent work on cobalt-mediated reductive defluorination®
and show that the presence of tertiary C—F bonds does not
guarantee outer-sphere reactivity, with C and D being notable
exceptions. As the E{ values of Co(I)/Co(I) in corrin
derivatives are typically measured between —0.96 and —1.36 V
(vs NHE),***” our method illustrates the substrates amenable
to Co(I) reduction. Although E? appears to be estimated
correctly on a substrate level, outer-sphere e” transfers are
considered less favorable compared to inner-sphere nucleo-
philic attack in Co-corrin-mediated reduction of chlorinated
organics.”*” The kinetic factors of electron transfer and a
complete description of the possible inner-sphere mechanisms
with various reducing agents cannot be ignored in future
studies.

The reductive defluorination of PFAAs is strongly depend-
ent on the polar headgroup and the perfluoroalkyl chain
length, but structural characteristics such as branching also play
important roles in the reduction mechanism. Our computa-
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tional protocol suitably predicts the reactivity of PFAAs with
electrons, begins to unravel their redox behavior, and will
hopefully help to identify intermediates of reductive degrada-
tion. Despite the complexity of attachment of electrons to
linear PFASs, reactivity is mostly dictated by 6 _g orbitals and
often results in C—F bond scission.
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