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Perfluoroalkyl substances (PFASs) are synthetic chemicals that are
harmful to both the environment and human health. Using self-
interaction-corrected Born-Oppenheimer dynamics
simulations, we provide the first real-time assessment of PFAS
degradation in the presence of excess electrons. In particular, we
show that the initial phase of the degradation involves the
transformation of an alkane-type C-C bond into an alkene-type C=C
bond in the PFAS molecule, which is initiated by the trans
elimination of fluorine atoms bonded to these adjacent carbon
atoms.

The strongest and most stable bond in organic chemistry is
the carbon-fluorine (C-F) bond.! The high stability of this bond,
which has enabled several technological advancements in the
past century, now poses a serious health hazard.?™ In the last
century, the industrial sector has harnessed the intrinsic
strength of the C-F bond to incorporate perfluoroalkyl
substances (PFASs) in a wide variety of consumer and industrial
goods.®® Specifically, PFASs are regularly used in the
electronics, automotive, and aviation industries;®’ several
consumer goods, including non-stick cookware, clothing,
carpets, shampoos, cleaning agents, and adhesives contain

molecular

these persistent pollutants.® As such, the wide-spread usage of
these anthropogenic compounds has contaminated water
resources in the US and many other countries.®'! Most
importantly, the subsequent consumption of this contaminated
water leads to the bio-accumulation of these compounds in
various organisms, including humans.®!012714 |n 3|l of these
examples, the intrinsic strength of the C-F bond in PFASs
prevents most organisms from dissociating these compounds
through natural means,’®> which facilitates their bio-
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accumulation and toxicity. Thus, the intrinsic strength of the C-
F bond poses a severe threat to many forms of life, making the
treatment of these contaminated water sources essential.

An efficient treatment often includes either direct in-situ
destruction or removal of PFASs from contaminated water (for
example, using sorption or nanofiltration) and their subsequent
destruction in the wastewater concentrate.'®'” Since
perfluoroalkyl compounds primarily contain C-C and C-F bonds,
the degradation of PFASs requires the dissociation of both of
these bonds. However, breaking a C-C bond is less effective than
C-F bond cleavage,*®'7 since the former generates short-chain
perfluoroalkyl substances that are still found to be toxic.18°
Thus, the primary challenge in the complete treatment of PFAS-
contaminated water is the efficient dissociation of the strong C-
F bonds in these pollutants.

In the scientific literature, a few studies have suggested
possible avenues for C-F bond dissociation in the presence of
additional electrons.?%-22 However, the majority of these studies
carried out their analysis after the degradation has occurred,
and specific mechanistic details of PFAS degradation are less
understood. Although a few computational studies have
of PFASs
electrons,?® these studies were limited to static (i.e., non-

addressed possible degradation with excess
dynamic or stationary) electronic structure methods. As such,
these prior approaches restrict our understanding of PFAS
degradation dynamics. Also, to the best of our knowledge, there
is little or no information on defluorination timescales in PFASs.
To bridge this significant knowledge gap, we carried out
extensive first-principles  Born-Oppenheimer Molecular
Dynamics (BOMD) simulations on both perfluorooctanoic acid
(PFOA) and perfluorooctanesulfonic acid (PFOS) molecules (the
most common PFAS contaminants in the environment) in the
presence of explicit water molecules. While we find these
pollutants to be stable in neutral aqueous environments, our
results indicate that both of these molecules readily
defluorinate at ultrafast timescales (< 100 fs) in the presence of
excess electrons. By considering a variety of different initial
conditions, we unambiguously show that defluorination in
PFASs often leads to the formation of an intermediate with an
alkene type C=C bond, which is crucial in the degradation of
PFASs. In addition, we also show that the formation of an HF
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molecule is a possible outcome of the BOMD simulations. As
such, this work provides detailed mechanistic insight and
presents the first real-time picture of degradation dynamics of

PFASs in the presence of excess electrons.
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Figure 1: Geometries of hydrated PFOA (top panel) and PFOS (bottom panel) molecules
after a 1 ps long NVE run with O (left), 1 (middle), and 2 (right) excess electrons. For both
molecules, we observe defluorination in the presence of excess electrons. We verified
the robustness of these results by simulating six different initial conditions for both PFOA
and PFOS (i.e., an additional 12 NVE simulations), which are shown in figures S1 and S2
in the Supplementary Information.

Inspired by recent works demonstrating that reduction
processes (i.e., the addition of electrons) can degrade PFASs,%°-
22 we studied the degradation dynamics of both PFOA and PFOS
in the presence of excess electrons. To avoid any spurious self-
interaction effects, which are usually observed with semi-local
functionals such as PBE, we have included self-interaction
corrections in all our MD simulations (further details are given
in the Supplementary Information). To mimic the water
environment, we solvated each of these PFASs with 43 explicit
water molecules. Due to this explicit solvent environment, both
PFOA and PFOS lose their acidic proton to water molecules (as
they should) during the NVT equilibration. In figure 1, we
present the geometries of PFOA and PFOS molecules (top and
bottom panels, respectively) after a 1-ps-long NVE simulation
carried out with a different number of excess electrons. In the
left panel, we show our results with no additional charge. As
expected, both PFOA and PFOS were stable (i.e., no bond
dissociation) during the entire simulation time. In contrast, for
simulations containing excess electrons, we observed an
apparent degradation of these molecules. In the middle and
right panels of figure 1, we show our results with -1 and -2
electronic charges, respectively. Both PFOA and PFOS were
defluorinated in the presence of excess electrons, and we find
that the number of dissociated C-F bonds is proportional to the
number of additional electrons in the simulation box. We
verified the robustness of these results by simulating six
different initial conditions (i.e., positions and velocities) for both
PFOA and PFOS (i.e., an additional 12 NVE simulations), and
these results are shown in figures S1 and S2 in the
Supplementary Information. The initial conditions for all these
additional runs were obtained from a 10-ps-long NVT
equilibration run, and a C-F bond dissociation was observed in
all these simulations. Collectively, these results demonstrate
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that “excess electrons” can dissociate the crucial C-F bonds in
perfluoroalkyl substances to facilitate their degradation.
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Figure 2: Bond distance profiles of the dissociated C-F bonds for the structures shown
in Figure 1. Results with -1 (middle panel) and -2 (bottom panel) electronic charges are
presented for both PFOA (top left) and PFOS (top right) molecules. The insets in each
panel show the variation in the C-F bond distances during the first 100 fs (= 0.1 ps) of
the simulations. In all our simulations, we observed the dissociation of C-F bonds in less
than 100 fs (i.e., an ultrafast dissociation). The legends in the figure designate the
dissociated C-F bonds, and the corresponding atom numbering scheme is shown in the
top panel. The structures in this panel were obtained after a 1 ps NVE simulation
containing a -2 electronic charge (water molecules were omitted for clarity).

Next, we examined the defluorination timescales in both
PFOA and PFOS molecules with excess electrons. The initial
our NVE runs were taken from NVT
systems, electrons

simulate

conditions for all
calculations of neutral with excess
subsequently added to the
electrostatically charged environments. That is, the first frame

dynamics of

of all the NVE runs correspond to the neutral (i.e., uncharged)
geometries. For each of the dissociated C-F bonds shown in
figure 1, we studied the dissociation dynamics as a function of
time, which are presented in figure 2. Clearly, at the beginning
of all these simulations, the C-F bond distance is slightly above
1.3 A, which is approximately the equilibrium C-F bond distance
in neutral PFASs. At the end of these simulations, the bond
distance increased to 3 A, suggesting a complete dissociation of
these C-F bonds in the presence of excess electrons. However,
interestingly, in all these simulations, the C-F bond dissociation
occurred within the first 100 fs (see the insets of different
panels in figure 2). Here, it is essential to note that the
dissociated C-F bonds in the PFOA and PFOS molecules are
different, and even the dissociated C-F bonds in PFOA for the -1
and -2 electronic charges also differ (note the legends and top
panel of figure 2 for the various dissociated C-F bonds). Despite

these variations, we consistently observed an ultrafast

This journal is © The Royal Society of Chemistry 2019
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degradation (i.e., < 100 fs) of PFASs in all these simulations.
Furthermore, we verified this ultrafast dissociation of C-F bonds
in all the other 12 NVE simulations (see the Supplementary
Information). Thus, we note that excess electrons not only
facilitate C-F bond dissociation in PFASs, but also initiate this
process on an ultrafast timescale.

In figure 3, we show the evolution of the spin-density as a
function of time for both PFOA and PFOS with -1 and -2
electronic charges. We note that the LUMO of neutral hydrated
PFOA and PFOS is localized entirely on the PFAS molecule (i.e.,
not on water); as such, the addition of an electron to this
composite system is expected to fill this unoccupied orbital on
PFAS. Indeed, as shown in the top panel of figure 3, the
additional charge (more precisely, spin) initially delocalizes on
the entire PFOA molecule; however, as the simulation proceeds,
the spin slowly accumulates at the site of dissociation. We also
obtained similar results with the PFOS molecule (see figure S3)
as well as in four additional NVE calculations performed with a
-1 electronic charge (not shown). These four calculations are
different from the 12 NVE calculations presented in the
Supplementary Information.
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Figure 3: Evolution of spin-density as a function of time for both PFOA and PFOS with
excess electrons. PFOA with a -1 (-2) electronic charge is shown in the top (middle)
panel, and PFOS with a -2 charge is shown in the bottom panel. The spin density of PFOS
with a -1 electronic charge (not shown for brevity) is similar to the top PFOA panel (see
figure $3). An iso-value of 0.001, 0.00001, and 0.001 eA= was used for the top, middle,
and bottom panels, respectively.

In a previous study on excess electrons,?® Su and co-workers
were unable to assign the initial site of the degradation process
through their electronic structure calculations. In all our
simulations, we also find that the site of dissociation is arbitrary.
However, our spin-density results provide additional reasoning
for Su and co-workers’ observation. First, since the excess
electron initially delocalizes over the entire PFAS molecule, all
the C-F bonds are weakened and have an almost equal
probability for The specific C-F bond that
dissociates during the simulation is thus arbitrary and is most

dissociation.

possibly triggered by interactions between the contaminant
and the solvent (here, PFAS and water). Next, although we
mentioned that the site of dissociation is random, we never
observed the dissociation of fluorine atoms attached to the
terminal (primary) carbon atoms in any of our sixteen NVE
simulations. This facile dissociation of secondary C-F bonds is

This journal is © The Royal Society of Chemistry 2019

due to their lower bond dissociation energy compared to the
primary C-F bonds, as noted in a few earlier studies.?324

Contrary to the addition of a single electron, we find that the
spin-density can evolve in two different ways with the addition
of multiple electrons, as shown in the middle and bottom panels
of figure 3. We refer to these different regimes as a trans-type
(middle panel) or cis-type elimination (bottom panel) based on
how the fluorine atoms have dissociated from the PFAS
backbone structure. In both cases, initially, the spin-density of
each additional electron is localized at different parts of the
PFAS (i.e., either towards the head or tail group), introducing a
net spin-polarization in these compounds. However, as the
simulation proceeds, this spin-polarization is either retained
(cis-type) or completely suppressed (trans-type) depending on
whether the dissociated fluorine atoms were bonded to
adjacent carbon atoms or otherwise. As further demonstrated
below, the spin-polarization quickly (< 100 fs) decays when
fluorine atoms dissociate from adjacent carbon atoms, due to
the formation of a double bond between these carbon atoms
(in other cases, the spin polarization is retained).
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Figure 4: Atoms exhibiting the largest changes in Mulliken charges (A, C) and spin (B, D)
during the initial stages of the simulation (i.e., during C-F bond dissociation). The left
(right) panel depicts results for a PFOA (PFOS) molecule with two excess electrons. In
both cases, after the C-F bond dissociation, negative charges were localized on the
fluorine atoms. For only the cis-type elimination (see text for details), spins were
localized on the carbon atoms (panel D). In the inset of panel A (B), the charge (spin) on
the dissociated fluorine atoms are shown until 500 fs. In the inset of panel D, changes in
the spin during the first 10 fs of the simulation are depicted. The atom numbering
scheme is presented in the top panel.

In figure 4, we present dynamical plots of atoms exhibiting
maximum changes in the Mulliken charge and spin during the
initial stages of the simulations (i.e., during the C-F bond
dissociation). Primarily, the charge profiles of both PFOA and
PFOS with 2 excess electrons (figures 4a and 4c) show that the
fluorine atoms captured these excess charges during the

Phys. Chem. Chem. Phys., 2019, 00, 1-4 | 3
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simulation. As such, there are no significant differences in the
charge profiles for both cis and trans-type eliminations. Even in
the simulations with a -1 electronic charge, we find that the
excess charge is primarily localized on the fluorine atoms (see
figure S4). We note that in simulations with a -1 electronic
charge (see figure S4), the carbon atoms retain the electronic
spin. In contrast to the charge profiles, the difference between
the cis and trans-type eliminations manifests strongly in the
spin profiles. In the cis-type elimination (figure 4d), opposite
spins were localized on different carbon atoms (C1 and C18); in
contrast, for the trans-type elimination, no atom is spin-
polarized at the end of the simulation, which leads to the
formation of a C=C bond along the PFAS backbone. Although the
total residual spin is zero in both cis and trans-type eliminations,
the cis-type elimination produces an antiferromagnetic
intermediate, and a trans-type elimination results in a non-
magnetic intermediate. This behaviour was confirmed in all the
16 NVE simulations performed with 2 excess electrons.

Since we observed a trans-type elimination in most of our
simulations (12 out of 16), we suggest that this intermediate
could be central to the degradation of perfluoroalkyl
substances. A few recent experiments further support this
finding. For example, Liu et al. have shown that fluorine atoms
attached to a C=C bond (i.e., sp? carbon atoms) dissociate more
readily compared to fluorine atoms attached to a C-C bond (sp3
carbon atoms).?®> Since most of our simulations with excess
in a trans-type elimination with the
formation of a C=C bond (which is known to be more susceptible
to defluorination), we infer that this trans-type intermediate
plays a crucial role in PFAS defluorination, which could explain
the PFAS degradation (with excess electrons) observed by Su et
al.?® Apart from the trans-type intermediate, we also found that
an HF molecule was formed during our simulations (see figure
S5 and the Supplementary Information for further details).

In conclusion, we have presented the first real-time,
dynamical study of PFAS degradation with excess electrons to
elucidate defluorination timescales and mechanisms. Using
several large-scale ab initio trajectory calculations (16 different
NVE simulations), we show that excess electrons enable the
dissociation of the strongest C-F bonds in these contaminants,
which occurs on an ultrafast timescale (< 100 fs). Moreover,
these large-scale simulations provide new mechanistic insight

electrons resulted

into PFAS degradation processes that manifest themselves
strongly as spin and charge fluctuations as a function of time. In
particular, we have shown that a trans-type C-F elimination
(which leads to the formation of a C=C bond along the PFAS
backbone) is more probable compared to a cis-type elimination.
Since fluorine atoms attached to a C=C bond are more readily
dissociated, this trans-type intermediate could play a central
role in accelerating further PFAS defluorination processes. In
addition, our dynamics simulations also show the spontaneous
formation of an HF molecule, which could be another significant
intermediate/product of the PFAS degradation process. Taken
together, these first-principles-based molecular dynamics show
that (1) the use of excess electrons can be a viable approach for
breaking the strongest C-F bonds in PFAS contaminants, and (2)
the application of dynamical computational techniques can

4 | Phys. Chem. Chem. Phys., 2019, 00, 1-4

shed essential mechanistic insight (such as degradation
timescales and short-lived intermediates) that cannot be readily
gleaned from static electronic structure studies of PFAS or other

aqueous contaminants.
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