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ABSTRACT: Per- and polyfluoroalkyl substances (PFASs) are synthetic contaminants
found in drinking groundwater sources and a wide variety of consumer products.
Because of their adverse environmental and human health effects, remediation of these
persistent compounds has attracted significant recent attention. To gain mechanistic
insight into their remediation, we present the first ab initio study of PFAS degradation
via hydrated electronsa configuration that has not been correctly considered in
previous computational studies up to this point. To capture these complex dynamical
effects, we harness ab initio molecular dynamics (AIMD) simulations to probe the
reactivities of perfluorooctanoic (PFOA) and perfluorooctane sulfonic acid (PFOS)
with hydrated electrons in explicit water. We complement our AIMD calculations with
advanced metadynamics sampling techniques to compute free energy profiles and
detailed statistical analyses of PFOA/PFOS dynamics. Although our calculations show
that the activation barrier for C−F bond dissociation in PFOS is three times larger than
that in PFOA, all the computed free energy barriers are still relatively low, resulting in a
diffusion-limited process. We discuss our results in the context of recent studies on PFAS degradation with hydrated electrons to give
insight into the most efficient remediation strategies for these contaminants. Most importantly, we show that the degradation of
PFASs with hydrated electrons is markedly different from that with excess electrons/charges, a common (but largely incomplete)
approach used in several earlier computational studies.
KEYWORDS: PFASs, hydrated electron, ab initio molecular dynamics, density functional theory, defluorination

■ INTRODUCTION

Per- and polyfluoroalkyl substances (PFASs) are hazardous,
carcinogenic, and bioaccumulative contaminants found in
groundwater, surface water, and a wide variety of consumer
products. The strong carbon−fluorine (C−F) bonds in these
artificially made compounds endow them with exceptional
chemical stability and prevent most organisms from decom-
posing these persistent contaminants,1 which further exacer-
bates their bio-accumulation and toxicity. To mitigate and
remove these persistent pollutants, many experimental efforts
have been focused on chemical oxidation approaches to
accelerate their degradation.2,3 In particular, oxidative con-
ditions have been applied to both perfluorooctanoic acid
(PFOA; see Figure 1) and perfluorooctane sulfonic acid
(PFOS) contaminants. However, PFOS is more chemically
resistant and challenging to treat by conventional methods,
such as chemical oxidation/reduction, and thermal decom-
position.4,5 Among the various reducing agents, hydrated
electrons have recently garnered significant attention for PFAS
degradation because of their extremely negative reduction
potential of −2.9 V.6,7 As such, experiments have shown that
these short-lived, aqueous species react with a multitude of
quenchers in microseconds8,9 via a one-electron transfer
mechanism.10

Over the past several years, a variety of approaches have
harnessed hydrated electrons to chemically dissociate per-
fluorinated compounds. For example, previous studies have
used UV photolysis to generate hydrated electrons via
energetic photons for defluorinating PFOS.11−13 However,
UV photolysis inherently has a low quantum yield, resulting in
a myriad of other side reactions and a slow defluorination
rate.14,15 UV photoirradiation of sulfite, iodide, dithionite, and
ferrocyanide has been used to decompose PFASs in aqueous
media,2,12,14,16−19 and the success of these reduction
techniques has been ascribed to hydrated electron generation
based on scavenging experiments.16 Previous studies have also
shown that some of the hydrated electrons produced from the
photoirradiation of sulfite/iodide can be scavenged using
oxidizing agents, which reduces the overall efficiency of the
degradation process. Several researchers have addressed this
problem by using nitrilotriacetic acid,16 indole derivatives,20,21
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or organomodified montmorillonite18,19 to more efficiently
generate hydrated electrons to destroy PFAS. Regardless of the
specific experimental approach, the use of hydrated electrons
has been shown to effectively reduce both PFOA and PFOS
when used in sufficiently large quantities and in a conducive
environment (i.e., correct pH, solute concentration, and
temperature).16,18,19,22−30 Despite their effectiveness, a detailed
mechanistic and atomistic understanding of how these
hydrated electrons accelerate PFAS degradation remains
unclear.
Of the numerous experimental studies on PFAS degradation

with hydrated electrons, most have either lacked the
spectroscopic resolution to resolve these ultrafast dynamics
or used fairly crude theoretical approximations. For example,
several experimental studies30−32 have examined PFAS
degradation products with hydrated electrons generated by
ultraviolet light or electrodes; however, these approaches were
not able to provide time-resolved details of the degradation
mechanism itself due to the short timescales of these processes.
However, there have been a few studies in the scientific
literature that have explored time-resolved PFAS degradation
kinetics with either hydroxyl radicals33 or hydrated elec-
trons.12,29 In particular, pulse radiolysis experiments by
Szajdzinska-Pietek have shown that PFOA is largely unreactive
with hydroxyl radicals,33 resulting in biomolecular rate
constants far lower than ∼107 M−1 s−1. Huang and co-workers
explored photochemical reductive degradation (which produ-
ces hydrated electrons) of short- and long-chain PFASs12 and
showed that the rate constant increases with chain length.
Recently, the rate constants and activation energy associated
with the initial reduction of PFASs were measured using
temperature-dependent transient absorption spectroscopy,29

which showed no significant differences in the activation
energy and rate constants associated with PFOA or PFOS
degradation.
To date, all previous theoretical studies on PFAS

degradation have used either static vertical/adiabatic density
functional theory (DFT) calculations34,35 or dynamics
calculations with an excess electron/charge to approximate a
true hydrated electron.36,37 It is important to emphasize that
simply introducing an excess electron/charge in a simulation
does not accurately mimic a hydrated electron because this
additional electron is not polarized by the surrounding water
molecules. More importantly, this excess charge (which has
been commonly used in theoretical calculations up to this
point) does not directly capture the realistic configuration of a
hydrated electron used in experimental studies. For example,
excess electrons can be experimentally produced in neutral
water via radiolysis or instantaneous ionization/detachment of
other solutes;38,39 however, these processes do not yield
hydrated electrons that are polarized by the surrounding water
molecules. It is only when these electrons have lost sufficient
energy to become metastable localized species bound with

water that they can be designated as hydrated electrons.38,40 It
is the latter configuration that we examine with advanced ab
initio molecular dynamics (AIMD) to understand these
important PFAS degradation mechanisms for the first time.

■ MATERIALS AND METHODS
System Setup. Since its discovery, a general consensus has

emerged that the hydrated electron occupies a quasi-spherical
cavity in liquid water.41−44 To simulate this desired cavity, we
first equilibrated a 24 × 24 × 24 Å3 periodic box containing 81
water molecules, a PFOA or PFOS molecule, and a chloride
ion in an NVT (constant number N, volume V, and
temperature T) canonical ensemble for over 10 ps with a 1
fs time step. A large simulation box was used to prevent
chemical species from interacting artificially with its periodic
image. The approximate dimensions of the PFOA and PFOS
molecules are provided in the Supporting Information. After
the equilibration step, we created five independent trajectories
whose initial conditions were obtained from the last 5 ps of the
PFOA/PFOS simulation (i.e., five independent trajectories
were generated for each PFOA and PFOS configuration).
Finally, for each of these five PFOA/PFOS trajectories, the
chloride ion was removed and the system was then initialized
with an extra negative charge to generate the desired hydrated
electron. We then carried out an additional 6 ps of AIMD
production runs with these pre-created cavities with a 0.5 fs
time step (additional details are given in the Supporting
Information). It is important to mention that the chloride ion
was added to the system merely to create a cavity. During these
simulations, the chloride ion was not reactive toward PFOA/
PFOS (whereas the hydrated electron was reactive). To
compare the degradation dynamics of hydrated electrons with
crude configurations using an excess electron, we carried out
25 additional trajectories (13 and 12 trajectories for PFOA and
PFOS, respectively) by simply initializing the system with an
overall negative charge without preparing a cavity. Additional
cavity preparation details are given in the Supporting
Information.

Computational Details. All of our AIMD simulations
utilized the QUICKSTEP45 module in the CP2K software
package46 with the unrestricted Kohn−Sham formalism to
capture the dynamics of the hydrated electron. All of our NVT
simulations used a Nose-Hoover47,48 chain thermostat at 300
K, and the AIMD equations of motions were propagated with a
0.5 fs time step. GTH pseudopotentials49 and the TZV2P basis
set50 were employed to describe the atomic core and valence
electrons, respectively. All of our simulations (both hydrated
and excess electron calculations) utilized a self-interaction-
corrected PBE51−53 exchange−correlation functional with
Grimme’s D354 dispersion corrections. Specifically, we
incorporated a self-interaction correction (SIC) for all orbitals
in our AIMD simulations using the average-density SIC, as
implemented in the CP2K package. Following earlier studies,36

Figure 1. Chemical structure and atom numbering scheme of the PFOA and PFOS anions examined in this study.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c01469
Environ. Sci. Technol. 2022, 56, 8167−8175

8168

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01469/suppl_file/es2c01469_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01469/suppl_file/es2c01469_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01469/suppl_file/es2c01469_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01469/suppl_file/es2c01469_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01469/suppl_file/es2c01469_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c01469?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c01469?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c01469?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c01469?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c01469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


we set a = 0.2 and b = 0.25 for the scaling parameters in the
SIC exchange−correlation functional, which was previously
shown to give accurate electronic properties of PFOA/PFOS
in water.36,55 For the auxiliary plane-wave (PW) basis used in
the Gaussian and PW (GPW)56 scheme in CP2K, 600 and 60
Ry was used for the PW energy and reference grid cutoffs,
respectively.

■ RESULTS AND DISCUSSION
To confirm the accurate creation of a hydrated electron in our
simulations, we calculated its radius of gyration (rg), which is a
rigorous metric that can be experimentally measured or
calculated with AIMD simulations.41−44 In short, the radius
of gyration is a tensor describing the second moment of
positions of a collection of particles. In our study, the radius of
gyration was calculated from the spin density of the hydrated
electrons, and further details of our calculations are given in
the Supporting Information. Our calculated average rg values
for a hydrated electron in explicitly solvated PFOA and PFOS
are 2.46 and 2.45 Å, respectively, which are in close agreement
with previous experimental (2.50 Å)57,58 and theoretical
(2.16−2.65 Å)41,44 studies.
Figure 2 depicts the time evolution of rg for a hydrated

electron in solvated PFOA and PFOS for the five independent
trajectories described previously. Clearly, the rg profiles in
Figure 2 are unique for each trajectory due to differences in
their initial conditions. For trajectories 01−04 in the solvated
PFOA system, rg decreases from its initial size to roughly 1.50

Å between 200 fs and 1.20 ps. This abrupt decay in rg for these
trajectories corresponds to an irreversible reaction of the
hydrated electron and the PFOA molecule. We obtained
qualitatively similar results for solvated PFOS (see Figure 2b),
where rg decreases to 1.50 Å for trajectories 01, 02, 03, and 05;
however, the degradation process occurs later within the 400 fs
to 4 ps time range. This longer time scale supports previous
experimental findings showing that PFOS is more resistant to
degradation than PFOA and is more challenging to treat with
remediation approaches. Figure 2 also suggests that the
hydrated electron transits from a localized state to a
delocalized state several times before reacting with PFAS,
which accounts for the large fluctuations in rg at early times
(<1 ps). In other words, rg fluctuates when the hydrated
electron has not yet reacted as it starts to delocalize over the
PFAS molecule. It is also interesting to note that certain
trajectories (trajectories 05 and 04 for PFOA and PFOS,
respectively) show that the hydrated electron cavity is stable,
with rg fluctuating around 2.50 Å throughout the simulation.
The cavity of the hydrated electron in these two trajectories
remains predominantly on the outer surface of the cluster,
giving it stability.
The upper panel in Figure 3 shows snapshots from a

representative trajectory (03) for PFOA. At 0.25 ps, the

hydrated electron is primarily localized in the pre-created
cavity and is stabilized by approximately four water molecules,
with O−H bonds pointing toward the center of the cavity as
proposed by earlier studies.41,59 As the simulation proceeds, at
0.75 ps, the spin density is transferred from the cavity to the
PFOA molecule and primarily delocalizes over the −COO
functional group and the α-carbon (nearest C atom from the
−COO group). Finally, as the spin density accumulates at the
α-carbon dissociation site, rg shrinks and defluorination occurs
at 1.25 ps. The lower panel in Figure 3 depicts three snapshots
from trajectory 03 for solvated PFOS at 2.50, 3.75, and 5.00 ps.
Initially, the hydrated electron cavity is confined by four water
molecules on the outer surface of the cluster, with a radius of
gyration of about 2.45 Å. However, at 3.75 ps, the hydrated
electron starts to delocalize over the C3 and C4 atoms of a
PFOS molecule with a radius of gyration of about 5 Å. After
3.75 ps, the spin density localizes at the dissociation site (the
C3 center) and the C−F bond is cleaved. Figure S1 in the
Supporting Information shows the time evolution of the

Figure 2. (a) Time evolution of the radius of gyration (rg) for a
hydrated electron in explicitly solvated PFOA. The inset shows a
magnified view of rg from 0 to 1.20 ps. (b) Time evolution of rg for a
hydrated electron in explicitly solvated PFOS.

Figure 3. Time-resolved evolution of the spin density of the hydrated
electron for representative trajectories of PFOA (top panels) and
PFOS (bottom panels).
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average distance of the hydrated electron from the center of
mass of the solvated PFOA and PFOS clusters. These distances
decrease from their initial value of 5.2 Å to approximately 2.0
to 3.0 Å in which the hydrated electron interacts with the
PFAS molecule. Nevertheless, in trajectories 05 and 04 for
PFOA and PFOS, respectively, the cavity remains predom-
inantly on the surface of the cluster, in accordance with
previous studies of solvated electrons in similar systems.60,61

We also calculated several statistical properties of the
hydrated electron to provide insight into its reactivity with
PFOA and PFOS. Figure 4 shows the radial distribution

functions (RDFs), g(r), and corresponding number integrals
(NIs) for oxygen (Ow) and hydrogen (Hw) atoms of water

molecules near the hydrated electron (eaq
− ). Values of g(r) that

are nearly zero (i.e., near r < 0.25 and r < 0.42 for PFOA and
PFOS, respectively) indicate the existence of an inner cavity.
The radial distribution functions for both eaq

−−Ow and eaq
−−Hw

show well-defined first maximum and minimum, indicating a
first solvation shell structure. In the solvated PFOA system, we
observe more distinct second and third solvation shells
compared to PFOS, which signifies that the spin density of
the hydrated electron is more diffuse in PFOA. The existence
of an inner cavity is also vital for understanding the reactivity
of the hydrated electron toward PFOA/PFOS; that is, larger r
values in g(r) for eaq

−−Ow in PFOS indicate a more rigid/
compact solvation shell structure. The higher peaks, deeper
minima, and narrower shapes of g(r) for eaq

−−Ow and eaq
−−Hw

indicate that water molecules are more strongly bound to the
cavity in the solvated PFOS system compared to PFOA. As
such, these strong interactions between the hydrated electron
and the water molecules result in a reduced reactivity with
PFOS.
It should be noted that the shape of the spin density of the

hydrated electron at each instant is distorted from its spherical
shape. Although spherically averaged g(r) values provide a
simplified picture, one can obtain a more rigorous metric by
integrating the first peak to get a mean number of water
molecules. Our AIMD simulations give coordination numbers
of 3.97 and 3.76 for the eaq

−−Ow and eaq
−−Hw radial distribution

functions in solvated PFOA and 4.62 and 4.30 for the
corresponding radial distribution functions in PFOS. The
higher coordination number for eaq

− in the solvated PFOS
system indicates a more compact solvation shell structure,
which supports our previous discussion on water being more
strongly bound to the eaq

− cavity in PFOS.
The radius of gyration for an excess electron in solvated

PFOA and PFOS (a total of 13 and 12 trajectories,
respectively) is shown as a function of time in Figure S2 in
the Supporting Information. In particular, Figure S2b shows
that an excess electron in solvated PFOA exhibits qualitatively
different dynamics from a true hydrated electron. Specifically,
the excess electron trajectories are characterized with rg values
decreasing rapidly to 1.25 Å in less than 100 fs (except for one
trajectory, which decays to the same value after ∼0.60 ps). We
also observed four trajectories with the same behavior in
solvated PFOS in which rg initially fluctuates around 2.65 Å

Figure 4. Radial distribution functions (g(r), solid lines, left axis) and
number integrals (NIs, dotted lines, right axis) for oxygen (Ow) and
hydrogen (Hw) atoms of water molecules near the hydrated electron
(eaq

− ). Panels (a) and (b) represent solvated PFOA and PFOS,
respectively.

Figure 5. Time-resolved evolution of the spin density of the excess electron for representative trajectories of PFOA (top panels) and PFOS
(bottom panels).
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and decreases to its final value of 1.25 Å from ∼0.20 to ∼0.90
ps. Figure 5 shows four snapshots of the spin density from a
representative trajectory of an excess electron in PFOA and
PFOS. When the system is initialized with an instantaneous
negative charge to create an excess electron, the charge
artificially delocalizes over the entire PFAS molecule (this
differs considerably from the hydrated electron dynamics
shown in Figure 3). The excess electron then begins to shrink,
further polarizing the PFAS molecule, until the spin density
slowly accumulates at the dissociation site.
To compare these different PFAS decomposition mecha-

nisms, we calculated C−F bond distances for our pre-created
cavity simulations for the hydrated electron (Figure 6). Four

(out of five) trajectories resulted in C−F bond dissociation in
the solvated PFOA and PFOS systems (Figure 6a,b). For all
the trajectories, the C−F bond distances initially fluctuated
around 1.35 Å. At the end of these simulations, the C−F bond
distance stretched to 3 Å, showing a complete dissociation in
the presence of the hydrated electron (C−F bond dissociation
starts within 1.00 ps in solvated PFOA). Among the various
CF2 groups along the PFOA backbone, we observe
defluorination at the α position for trajectories 02 and 03.
Previous studies have suggested two major reaction pathways
for PFOA degradation with hydrated electrons, including H/F
exchange and chain shortening. Among the different chemical
functional groups present in PFOA, the −CF2− group at the α
position has a high reactivity due to the inductive effect of the
head group, resulting in reactions in this preferred region.30,62

Indeed, DFT calculations have shown that the simple addition

of an excess charge to the PFOA molecule results in
spontaneous stretching of C−F bonds at the α position,
facilitating their cleavage.30 However, the same studies also
proposed that C−F bonds in the middle of the carbon chain
can also be cleaved.30 Therefore, although the α C−F bond is
thermodynamically more reactive, all of the other C−F bonds
also have a high probability (whose statistics are explored by
our first-principles MD simulations) to dissociate. Accordingly,
our AIMD simulations for the hydrated electron also showed
defluorination at the C3 (trajectory 01) and C4 (trajectory 04)
centers, in agreement with previous studies.30 It is also
interesting to note the faster defluorination timescales at the
C3 and C4 centers in PFOA (Figure 6a), which indicate
regions of preferred reactivity for long-chain PFAS.
For solvated PFOS, we observe different C−F bond

dissociation timescales ranging from femtoseconds to a few
picoseconds. These observations indicate that the dissociation
dynamics of each trajectory is unique and differs significantly
from the solvated PFOA system. In solvated PFOS, the cavity
of the hydrated electron is more compact and is strongly
bound with water molecules (see g(r) and number integrals in
Figure 4), making it less reactive toward the PFOS molecule.
For these cases, the hydrated electron preferentially attacks
either the C3 (trajectories 02 and 03) or C4 (trajectories 01
and 05) sites at the center of the molecule. Recent static DFT
calculations have shown that the sulfonic functional group in
PFOS causes the C3 and C4 centers to have the lowest bond
dissociation energy among all the C−F bonds, resulting in a
markedly different degradation process compared to PFOA
degradation.30

We also compared C−F bond dissociation dynamics
between our hydrated versus excess electron simulations. In
the Supporting Information, Figure S3 depicts the dissociation
dynamics as a function of time for an excess electron in
solvated PFOA (Figure S3a) and PFOS (Figure S3b). For
solvated PFOA with an excess electron, 12 out of 13
trajectories show C−F bond dissociation timescales less than
100 fs. In contrast, only one trajectory shows a C−F bond
dissociation on a longer timescale (around 500 fs). For
solvated PFOS, 8 out of 12 trajectories dissociate within a few
femtoseconds, whereas four trajectories dissociate on a
picosecond timescale. As such, our AIMD simulations suggest
that the reaction dynamics of PFASs with hydrated electrons
significantly differs from that of an excess electron.36 The faster
C−F bond dissociation in the latter occurs because the spin
density is artificially delocalized over the PFAS molecule at the
beginning of the simulation. In contrast, for the hydrated
electron, the spin density first polarizes the surrounding water
molecules.
In previous studies on PFAS degradation with excess

electrons, it was noted that the initial site of the C−F bond
dissociation was random.36,63 Our studies with excess electrons
also support these findings; however, we observe different
dynamics for the hydrated electron. For example, in solvated
PFOA, two out of four trajectories show dissociation at the C7
center, with two trajectories showing the C3/C4 center as an
initial dissociation site. In solvated PFOS, two trajectories at
each of the C3 and C4 centers are locations where a C−F
bond dissociation occurs. Because the excess electron initially
delocalizes over the entire PFAS molecule, all the C−F bonds
are weakened with a nearly equal dissociation probability.
Moreover, we find that the C2, C3, C4, and C5 centers act as
an initial dissociation site when excess electrons are added to

Figure 6. Time-resolved evolution of C−F bond distances depicting
the defluorination of PFASs from pre-created cavity simulations for
the hydrated electron. Panels (a,b) represent explicitly solvated PFOA
and PFOS systems, respectively. The atom numbering scheme
corresponds to the atom labels shown in Figure 1.
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the solvated PFOA system. In contrast, we find that the C3,
C4, C5, and C6 centers are C−F bond dissociation sites in
solvated PFOS. As such, our AIMD simulations strongly
indicate that the C−F bond dissociation site is largely
dependent on the detailed nature of the charged species in
the system, with excess electrons showing a qualitatively
different behavior from a hydrated electron. Overall, our
simulations indicate that the hydrated electron shows a
somewhat directional nature toward the initial dissociation
site. To probe this phenomenon further, Figures S4 and S5 in
the Supporting Information show radial distribution functions
between the defluorinated F atom and the H atoms of the
surrounding water molecules from our hydrated and excess
electron simulations. In Figure S4, the F−Hw radial
distribution functions have sharp peaks near 1.58 Å, which is
larger than the conventional H−F covalent bond distance of
0.91 Å and indicates a strongly hydrogen-bonded fluoride
anion with water molecules. However, for an excess electron,
the F−Hw radial distribution function has peaks near 1.00 Å
and 1.58 Å. The F−Hw peak near 1.00 Å indicates formation of
an H−F molecule as a byproduct,36,63 which is not found in
the hydrated electron simulations.
Finally, to probe the energetics of these various degradation

mechanisms, we carried out well-tempered metadynamics
simulations to calculate free energy activation barriers for C−F
bond cleavage initiated by the hydrated electron. Furthermore,
details of the well-tempered metadynamics calculations are
provided in the Supporting Information. The well-tempered
metadynamics simulations are initialized by defining a single
collective variable, which we choose to be the coordination
number from C to F, as shown in Figure S6. Free energy
profiles from our pre-created cavity simulations for the
hydrated electron in solvated PFOA and PFOS are shown
Figures S7 and S8, respectively. These free energy profiles
indicate that the degradation process proceeds via a single
transition state, and Figure 7a,b summarizes the C−F bond
dissociation activation barriers in solvated PFOA and PFOS,
respectively. To evaluate the convergence of our metadynamics
simulations, we calculated the free energy difference between
the transition state and reactant as a function of time (Figures
S9 and S10 in the Supporting Information), which indicates
that our metadynamics simulations are fully converged.
Overall, the average free energy activation barrier for C−F
bond dissociation is three times larger for solvated PFOS than
for PFOA, resulting in a slower defluorination of PFOS.
However, the free energy activation barrier for both PFOS and
PFOA falls below the diffusion-controlled limit,12,29 and,
therefore, the degradation process essentially becomes
independent of the overall chemical rate constant.64,65 The
relatively low free energy activation barriers obtained from our
AIMD calculations provide atomistic details of this process to
rationalize these previous experimental observations. More-
over, the trends in our computed activation barriers also
support previous experiments that found PFOS to be more
resistant to degradation than PFOA (although both degrada-
tions are still diffusion-controlled).
Environmental Implications. The results of our extensive

study have several important implications for environmental
remediation efforts of PFAS contaminants with hydrated
electrons. Because our AIMD calculations clearly show that
PFAS degradation via hydrated electrons is diffusion-limited,
one way to improve the efficiency of this process is to ensure
that the source of hydrated electrons is as close to the PFAS

contaminant as possible. For example, having PFAS molecules
directly adsorbed on an electrified surface or electron-rich
material would effectively minimize the diffusion distance that
the generated hydrated electron would have to traverse to
dissociate PFAS. Similarly, the efficiency of PFAS degradation
via hydrated electrons could be enhanced by ensuring that the
surrounding aqueous environment does not contain additional
oxidizing scavengers because this can deplete the hydrated
electrons as they diffuse/migrate through the solvent. Another
important ramification of our study can be gleaned from the
intrinsic kinetic/statistical nature of the PFAS degradation
process itself. In particular, our AIMD calculations and
metadynamics sampling techniques indicate that all of the
C−F bonds in PFASs have a likely probability to dissociate
(even though specific C−F bonds might be more thermody-
namically reactive). As such, some of the efforts by other
researchers to target specific C−F bonds in PFAS could be
counterproductive because this process is inherently kinetically
controlled. In other words, more research efforts should be
directed toward minimizing the diffusion distance of hydrated
electrons rather than targeting the weakest C−F bonds because
the degradation process is ultimately dominated by statistical/
kinetic effects.
In summary, we have provided the first detailed atomistic

study of PFAS degradation dynamics using a correct treatment
of hydrated electrons, which we probe with a suite of advanced
AIMD and sampling techniques. Our calculations show that

Figure 7. Free energy activation barrier values for C−F bond
dissociation by a hydrated electron in explicitly solvated (a) PFOA
and (b) PFOS.
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PFAS degradation with hydrated electrons is markedly
different from that of excess electrons/charges, a common
(but crude) approximation used in all previous studies up to
this point. More specifically, we find that C−F bond
dissociation with excess electrons occurs faster because the
spin density is artificially delocalized over the PFAS molecule
at the beginning of the simulation. In contrast, the spin density
in a true hydrated electron first polarizes the surrounding water
molecules before reacting with a PFAS molecule to initiate C−
F bond dissociation, resulting in a diffusion-limited process.
Finally, we calculate free energy activation barriers and radial
distribution functions for these degradation processes to
provide mechanistic insight into the different reactivities of
PFOA and PFOS. The average free energy activation values for
C−F bond dissociation from these independent trajectories are
2.70 and 8.16 kJ/mol for PFOA and PFOS, respectively. Our
new metadynamics calculations show that the average
activation barrier for C−F bond dissociation in PFOS is
three times larger than that for PFOA, and our statistical
analyses indicate that PFOS has a more rigid/compact
solvation shell that also results in a slower defluorination.
Collectively, our AIMD simulations (1) shed new light on
PFAS degradation pathways using hydrated and excess
electrons and (2) provide additional, critical mechanistic
insight into the degradation of PFASs and other aqueous
pollutants.
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